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Entamoeba histoiytica trophozoites must enzymatically degrade or
physically penetrate the intestinal mucus blanket when this parasite
changes from a commensal to an invasive enteropathogen. When axenically
cultivated E. histolytica trophozoites, strain HM-1:IMSS, were inoculat
ed into rat colon, the motility of amebae attached to mucus fragments was
decreased and those free in luminal fluid increased. In the mucus glyco-
protein, mucin, ameba motility was increased at low concentrations and
decreased at high concentrations. Of the three mucin end group carbo
hydrates, N-acetylneuraminic acid stimulated motility, L-fucose was
inhibitory and N-acetylgalactosamine was slightly inhibitory, but only
at high concentrations. N-acetylneuramin-lactose and mucin, which are
N-acetylneuraminic acid containing compounds, stimulated ameba motility.
E. histolytica was found to possess a membrane associated
neuraminidase, with a pH optimum of 6.7. More than 50% of the enzyme
was localized on the plasma membrane. Both ameba neuraminidase activity
and motility required Ca++ and were inhibited by cytochalasin D. This
microfilament disruptor caused redistribution of neuraminidase and two
other membrane associated enzymes, Ca++-ATPase and p-nitrophenyl phos-
phatase from the plasma membrane to intracellular membranes. The ameba
was also found to possess a soluble type 1 N-acetylneuraminic acid
aldolase with pH optimum of 7.4. When the force required for ameba to
physically penetrate rat mucus was measured, results suggested that the
trophozoites could penetrate rat cecal mucus but not colonic mucus. Due
to differences in the physical properties of mucus in different parts
of the intestine and the role of N-acetylneuraminic acid in determining
the rate of mucin degradation by bacteria, it is postulated that E^_
histolytica trophozoites may either enzymatically degrade or physically
penetrate the mucus blanket when invading the large intestine.
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INTRODUCTION
Intestinal amebiasis is a disease which involves ulcerative lesions
in the mucosa of the large bowel (El-Hashim and Pittman, 1970; Craig and
Faust, 1977). These lesions result in the evacuation of six to eight
mucoid, blood stained stools a day, sometimes associated with copious
diarrhea (Craig and Faust, 1977). These signs of amebiasis occur as
a result of the invasion of the intestinal mucosa by a species of
ameba, Entamoeba histolytica.
The mechanisms by which Entamoeba trophozoites invade the
intestinal mucosa are only partially understood. However, the follow
ing events are known to occur when this enteropathogen invades the
intestine. These events include the ability of Entamoeba trophozoites
to move within the intestinal mucus barrier, attach to the mucosal
epithelium or release exotoxins to destroy the epithelium and to
phagocytize the epithelial target cells (Ravdin and Guerrant, 1982;
Ravdin, 1986).
In the host intestine, mucus is the first line of defense against
mucosal invasion by enteric pathogens. Intestinal mucus serves as a
protective shield which physically covers the apical surface of mucosal
epithelium cells (Morris, 1985). It functions as a trapping agent
and as the site of interactions between immunoglobulins and parasites
(Forstner et al., 1982; Miller and Huntley, 1982).
During intestinal invasion Entamoeba must also encounter the same mucus
blanket, being trapped by it or excluded from the underlying mucosa
by it.
Thus, in order to invade the mucosa Entamoeba trophozoites must
devise a means whereby they can penetrate the mucus blanket. One
possible mechanism is to enzymatically disrupt the mucus gel prior
to moving through it. Another mechanism is by direct physical
penetration using pseudopodia as battering rams.
In our studies we found that ameba trophozoite motility was
retarded by association with rat colonic mucus or by high concen
trations of purified mucin. Mucin is a mucus glycoprotein and its
concentration determines the physical properties of the mucus gel
(Allen et al., 1982). We also found that ameba trophozoites that
were not associated with mucus but were free in rat colon luminal
fluid or were exposed to low concentrations of mucin were very
mot i1e.
Among the major constituents of the colonic luminal fluid are
mucin carbohydrates resulting from the enzymatic degradation of mucus.
Tests of Entamoeba trophozoite motile behavior in mucin carbohydrates
indicated that the three terminal carbohydrates, Nana, L-fuc and GalNAc
caused significant but different ameba motile responses. L-fucose was
inhibitory and Nana was stimulatory at low concentrations, while GalNAc
was slightly inhibitory, but only at high concentrations.
N-acetylneuraminic acid is a unique mucin carbohydrate because
it determines the structural integrity, gel characteristics and rate
of degradation of mucin (Wold et al., 1975; Forstner, 1979). Any
modification of the mucin Nana content could affect both the mucus gel
physical properties and protective role. Mucin Nana can be hydrolyz-
ed by neuraminidase. This is an enzyme that hydrolyzes an -ketosidic
linkage between Nana and another carbohydrate (Yu and Ledeen, 1969).
Our studies indicated that Entamoeba trophozoites possess a membrane-
associated neuraminidase. This neuraminidase was found to be calcium-
dependent with an optimum pH of 6.7. Entamoeba trophozoites were also
found to have a soluble type I Nana-aldolase. This enzyme hydrolyzes
Nana into pyruvate and N-acetylmannosamine. The optimum pH of the
Entamoeba aldolase was 7.4.
It is known that Entamoeba pseudopodia can generate a physical
force of 3.3 X 10"6 N (Smith and Meerovitch, 1982). We, therefore,
determined whether this force was sufficient to penetrate mucus gels
isolated from rat cecum and colon. Using microspheres of the
dimensions of Entamoeba trophozoites and their pseudopodia we found
that the force generated by the ameba pseudopodium was sufficient to
penetrate the cecal but not the colonic mucus, suggesting that in the
rat cecum prior enzymatic digestion of the mucus gel may not be required
for gel penetration.
The studies reported here suggest that ameba neuraminidase may be
one of a series of enzymes used by Entamoeba trophozoites to disrupt
the mucus barrier during intestinal invasion. The trophozoites
presumably would first enzymatically degrade the mucus gel and then
move through it. However, in some parts of the intestine the amebae




Amebiasis is an enteric disease that involves the invasion of the
large intestine and the extraintestinal tissues by the protozoan para
site, Entamoeba histolytica (Craig and Faust, 1977). The invasion
results in characteristic ulcerative lesions. Entamoeba invasion of
the large intestine often results in amebic dysentry. This has been
characterized as the evacuation of mucoid blood-stained stools,
sometimes accompanied by copious diarrhea (Craig and Faust, 1977). In
advanced stages of large intestinal invasion Entamoeba may spread
through the blood-borne route to extra-intestinal organs, especially
the liver, resulting in hepatic abscesses (Peters et al., 1981).
The degree of virulence demonstrated by these organisms is normally
quantitated by the ability of Entamoeba to invade tissues (El-Hashim and
Pittman, 1970). However, not all Entamoeba colonization of the intes
tine results in tissue invasion. Thus, it appears that in asymptomatic
carriers there are avirulent strains of this organism that survive
commensally in the intestine without invading the tissues (Allason-Jones
et al., 1986; Sorvillo et al., 1986) while in symptomatic carriers the
Entamoeba strains are invasive (Alkan et al., 1961; Craig and Faust,
1977; Aikat et al., 1978).
Recently, it has been shown that the virulent strains have certain
isoenzyme electrophoretic patterns that differ from those of avirulent
strains (Sargeaunt et al., 1978; Farri et al., 1980; Sergeaunt et al.,
1980; Meza et al., 1986). These isoenzyme patterns have been referred
to as Entamoeba histolytica zymodemes. Zymodemes have been character
ized on the basis of the electrophoretic mobility of four enzymes:
glucose phosphate isomerase, phosphoglucomutase, L-malate:NADP+
oxidoreductase, and hexokinase (Sargeaunt et al., 1978; Sargeaunt et
al., 1980). In a recent study in South Africa 10% of the population
harbored Entamoeba histolytica but only 1% of these individuals were
symptomatic and were found to be infected with ameba possessing
virulent zymodemes (Gathiram and Jackson, 1985). The zymodeme classi
fication has been suggested as an experimental means of distinguishing
Entamoeba strain for their potential invasiveness.
The protozoan stage responsible for amebiasis in man is the tropho-
zoite of Entamoeba histolytica (Walker and Sel lards, 1913). This ameba
belongs to the class Rhizopoda and genus Entamoeba (Levine et al., 1980).
The first description of amebiasis was made by Losch (1875) and detailed
pathogenic effects of this protozoa were described by Lafleur and
Councilman (1891). The organism was named Entamoeba histolytica because
of its ability to destroy tissue (Schaudinn, 1903).
The life cycle of Entamoeba histolytica consists of three stages,
namely, trophozoites, cyst and metacysts (Dobell, 1928). The tropho-
zoites are intestinal lumen dwellers (Noble and Noble, 1976). They
colonize the large intestine making use of bacteria and secreted mucus
as food-stuff (Craig and Faust, 1977; Jimenez, 1981). They range in
size from 10-60 um (Elscion-Dew, 1949) and reproduce by binary fission
(Shaffer et a!., 1961). Entamoeba cysts were first described by Quicke
et al. (1893). The cysts are found in the stools as round or oval-
shaped bodies with rigid protective cell walls (Smith et al., 1979).
They range in size from 8-20 um (Smith et al., 1979).
The trophozoites are the invasive form while the cysts are the
infective form of Entamoeba histolytica (Noble and Noble, 1976; Craig
and Faust, 1977; Desponimier, 1981). The cysts can survive in a moist
environment for months. In the gastrointestinal tract they can survive
exposure to the low pH of the stomach and the digestive enzymes of the
gastrointestinal tract (Noble and Noble, 1976).
Amebiasis can be transmitted in two ways; most commonly by the
oral route and less commonly by the venereal route. The oral route
first involves the ingestion of cysts in contaminated food (Brook,
1964). The cyst then passes through the gastrointestinal tract and
excyst in either the lower ileum or large intestine (Sexton et al.,
1974). Upon excystation, the nuclei divide into eight nuclei result
ing in eight metacysts which finally result in the formation of eight
trophozoites (Barker and Swales, 1972). The trophozoites then are in
a position to colonize the large intestine (Craig and Faust, 1977).
A less common route of transmission of amebiasis is through sexual
contact (Cook and Rodriguez, 1964; Imperato, 1981). Venereal amebiasis
is most prevalent among homosexual males (Dritz et al., 1977; Schmerin
et al., 1977). Extraintestinal infections in the genital area of
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women have also been demonstrated (Golgi, 1969) as has venereal
amebiasis in heterosexual couples (Myliu and Tenseidam, 1962).
Infection due to the protozoan Entamoeba histoiytica occurs
world-wide, however, amebiasis is most prevalent in the tropics
(Edington and Gilles, 1969; Kagan, 1974) and in rural areas (Alexander
and Meleney, 1935; Brandt and Tamayo, 1970a). These areas of endemic
amebiasis are associated with low socioeconomic standards and poor
sanitary conditions (Elsdon-Oew, 1968; Spencer et al., 1976; Irani and
Mcgayran, 1986). The incidence of amebiasis in temperate zones and in
industralized countries is very low, although the incidence of coloni
zation by avirulent strains of Entamoeba may not be low (Burrows, 1969).
Even when migrants originating from non-endemic areas were exposed to
endemic areas the predominant incidence of amebiasis was asymptomic
(Speelman and Ljungstrom, 1986).
In both experimental animals and human beings the nutritional
status of the host has been suggested to influence the incidence or
severity of amebiasis. Weanling rats exposed to protein deficient
diets were more susceptible to ameba infection than were adults.
However, when these animals were fed high protein diets, they eliminated
the Entamoeba parasites (Hegner and Eskridge, 1937). High carbohydrate
with low protein diet also resulted in high colonization (Ross and
Knight, 1973) and in some cases increased incidence of the disease
(Robinson, 1968). The South African urban Bantu population showed an
increase in the incidence of amebiasis when they abandoned their tradi-
tional maize and milk diet for a buns and lemonade diet that was high
on refined carbohydrate (Elsdon-Dew, 1958). A poor nutritional state
has been associated with an increase in invasive amebic disease in
the human intestine (Elsdon-Dew, 1949; Lewi and Antia, 1969; Gutierrez-
Trujiilo, 1971; Singh et al, 1971). Extensive malnutrition could
result in both immunodepression (Rao and Padma, 1975; Ravdin, 1986) and
atrophy of the mucosa (Brandt and Tamayo, 1970b; Sherman et al., 1985).
Attempts have been made to associate these factors with symptomatic
amebiasis, including hepatic abscesses (Abioye, 1973; Rode et al., 1978)
Iron has been shown to be a requirement for ameba growth in axenic
cultures (Diamond et al., 1978) and in vivo experimental studies indicat
ed that feeding animals iron increased invasive amebiasis. However, in
humans there was no correlation between blood iron levels and the
degree of symptomatic amebiasis (Diamond et al., 1978). Exposure of
ameba trophozoites in vitro to high cholesterol significantly increased
virulence (Das and Ghoshal, 1976). Other studies have indicated high
blood cholesterol levels in those patients with amebiasis (Biagi et al.,
1962; Gargouri, 1968).
The immune state of the host has been suggested to be a determinant
of amebiasis. Immunosuppression in man has been implicated as playing
a significant role in enhancing amebiasis. For example, pregnancy
(Abioye, 1973; Weinberg, 1934) and malnutrition (Rao and Padma, 1975)
are associated with immunosuppression and have been shown to enhance
amebiasis. During intestinal invasion. Entamoeba histoiytica
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trophozoites induce both humoral and cellular immune responses in the
human host (Trissel, 1982). Patients with colonic or hepatic amebiasis
have been found to have high titers of antibodies against Entamoeba
(Krupp, 1970; Juniper et al., 1972). These high titers of antibodies
persisted for a long time after recovery but reinfection still occurred
(Trissel, 1982). In vitro studies have shown that Entamoeba tropho
zoites aggregate, ingest or shed attached human antibodies, thus
enabling the trophozoites to evade the humoral defense system (Aust-
kettis, 1978; Calderon et al., 1980; Galactiuc et al., 1981). Further
studies have indicated that antibody to Entamoeba activated by either
the alternate or classical complement pathway was amebicidal (Huldt et
al., 1979). In in vitro studies where complements were depleted by
cobra venom, results demonstrated enhanced amebiasis (Ghadirian and
Meerovitch, 1982), while other studies indicated that some pathogenic
strains were not susceptible to complement induced lysis (Reed et al.,
1983). Thus a humoral immune response seems to be the determinant for
only complementsensitive strains.
In recent studies cell-mediated immunity has been suggested to be
the determining factor of the degree of amebiasis. Human neutrophils
are lysed by Entamoeba trophozoites on contact (Guerrant et al., 1981).
This lysis has been shown to be GalNAc inhibitable (Ravdin et al., 1985).
Prior administration of silica to mice increased the amebiasis seen
following cecal inoculation of Entamoeba trophozoites (Ghadirian and
Kongshavn, 1984). Silica is known to decrease the number of macrophages.
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Thus, this study suggested the involvement of macrophages in protection
(Ghadirian and Kongshavn, 1984). This fact was confirmed by Salata et
al. (1985) using monocyte-derived macrophages that were activated with
concanavalin A or phytohemagglutin in elicited lymphokines. These macro
phages were able to kill virulent Entamoeba trophozoites on contact.
Age is another determinant of amebiasis. Young experimental
animals demonstrated more susceptibility to amebic infection than did
older animals (Diamond et al., 1978; Mattern and Keister, 1977). This
fact was consistent with the high incidence of fatal invasive amebiasis
reported in human infants (Dykes et al., 1980). This could be a result
of an immature immune system in infants (Gotoff, 1974).
Stress has been associated with a high incidence of amebiasis.
For example, when kittens inoculated intracecally with trophozoites
were stressed, the severity of intestinal lesions increased (Josephine,
1958). However, it is not known how stress enhanced amebiasis.
Entamoeba histolytica is dispersed world-wide and has been responsi
ble for numerous deaths. More than 10% of the world's population are
believed to carry the parasite (Walsh, 1986). Amebiasis is the third
leading parasitic cause of death in the world, following malaria and
schistosomiasis (Guerrant, 1986). At present not much is known about
the etiology of amebiasis and the need for work in this area is great,
if significant improvement in both the diagnosis and the treatment of
the disease are to take place.
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From the knowledge of the physiology of the host gastrointestinal
tract and of ameba trophozoite-target cell interactions, the following
can be proposed as events involved in ameba invasion.
(1) Entamoeba trophozoite motility and membrane turnover within the
intestinal lumen
(2) Penetration of the host intestinal mucus barrier
(3) Attachment to epithelial cells
(4) Penetration of epithelium, or
(5) Release of exotoxins
(6) Cytolysis of target cells
(7) Phagocytosis of the target cells.
Entamoeba Trophozoite Motility
The potentially invasive form of Entamoeba histolytica, the tropho
zoite, exhibits a specialized motile behavior. This form of movement
is called ameboid movement (Heitzmann, 1873; Verworn, 1896). It has
been defined as cell movement using pseudopodia (Ville et al., 1958).
The pseudopodium results from an extension of the ectoplasm followed by
the flow of the endoplasm in the direction of the extension (Hickman,
1973; Craig and Faust, 1977). The process whereby the endoplasm flows
is generally believed to be based on a contractile process (Condeelis
and Taylor, 1977; Taylor, 1977). This process has been discussed in
two theories, namely, the frontal contraction and the contraction
hydraulic (Taylor, 1977). The frontal contraction hypothesis states
that the driving force for contraction is localized on the tip of the
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pseudopodium which pulls the endoplasm into the contraction zone
(Taylor, 1977). The contraction hydraulic theory states that contrac
tion of the ectoplasm in the uroid (tail) area pushes the endoplasm
forward into the pseudopodium (Mast, 1926; Taylor, 1977).
In order to understand these processes the cellular aspects of
ameboid directed movements have to be considered. The directed move
ment includes chemotaxis and chemokinesis. Chemotaxis is motility
towards a chemical attractant (Bessis and Burte, 1965; Keller et al.,
1977). Chemokinesis is the motile activity by which cells increase
their speed of movement or turning in response to chemical agents
(Keller et al., 1977).
The following are cell types that have been studied and shown
to demonstrate ameboid direct movement. They are leukocytes and
macrophages which demonstrated directed movement towards certain
peptides (Zigmond, 1978) and Amoeba proteus and Dictyostelium ameba
which showed similar responses towards cAMP (Konijn et al., 1969;
Pollard and Ito, 1970). In bacteria, chemoattractant-stimulated
methylation of specific membrane proteins resulted in the chemotaxic
response (Kort et al., 1975; Silverman and Simon, 1977; Snyderman
et al., 1980). Bailey (1982) also demonstrated that Entamoeba
invadens exhibits directed motility towards chemoattractants.
In order that cells can demonstrate directed movement they require
some cellular stimulus which is localized (Taylor et al., 1981). The
primary stimulus initiates a primary response. This response is the
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attachment of the attractants to the cellular receptor sites resulting
in changes in the electrical properties of the membrane, followed
by changes in the concentrations of the secondary messengers (Vans
Epps et al., 1977; Taylor et al., 1981). The primary stimulus is
localized, starting with depolarization of the membrane at the site of
the interaction (Bingley and Thompson, 1962; Bingley, 1966; Nuccitelli
et al., 1977). The site of maximal sensation is the leading end from
which effects spread to the tail region (Braatz-Schade et al., 1973).
Depolarization is followed by changes in local concentrations of
secondary messenger as the effects spread toward the tail.
These changes in cell secondary messengers due to membrane
depolarization are known as the secondary response (Taylor et al., 1981).
The secondary messengers are concentrations of intracelluiar free Ca++
(Hawkes and Holberton, 1973; Taylor et al., 1980) and H+ (Heiple and
Taylor, 1980). The changes in local concentrations of intracellular
free Ca++ (Hawkes and Holberton, 1973; Taylor et al., 1980) and H+
(Heiple and Taylor, 1980) have been described and suggested to be
responsible for cell microfilament and cytoplasm contraction and for
actual cell movement. Intracellular free calcium concentrations were
measured in these cells using aequorin luminescence (Taylor et al.,
1980). In cells displaying ameboid movement, such assays have
indicated two types of increasing luminescence, one at the advancing
region and the other at the tail region (Taylor et al., 1980).
Fluorescein fluorescence has been used to quantitate changes in the
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intracellular H+ concentration of motile cells (Martin and Lindquist,
1975). Using this technique motile Chaos Carolinensis demonstrated a
measured pH difference of 0.4 unit on two distinct regions on the
same cell (Heiple and Taylor, 1980). Thus, intracellular fluctuation
of both free Ca++ and H+ concentrations seemed to be associated with
the regulation of structure, organization and contraction of the
cytoskeleton during ameboid movement (Hellewell and Taylor, 1979).
The structural and molecular organization of ameboid movement
has been postulated to involve transition from gel to sol state
(Taylor and Condeelis, 1979; Stockem et al., 1983). The hypothesis
of gel-sol transition suggests that endoplasm exists in the form
of a cross-linked actin gel associated with calcium-sensitive binding
proteins (Hellewell and Taylor, 1979; Brown et al., 1982; Fechheimer
and Taylor, 1984). It has been postulated that increases in the
calcium concentration weaken the gel, allowing actin-myosin interaction
and filament contraction, thus, forcing the cytoplasm to stream forward
(Hellewell and Taylor, 1979; Taylor, 1979). This process requires
Mg2+-ATP (Taylor et al., 1973), and changes in H+ concentration
(Condeelis and Vakey, 1982; Hellewell and Taylor, 1979). The calcium
removal results in gel formation due to cross-linkage of actin with
calcium-sensitive protein (Hellewell and Taylor, 1979).
In general, the process of directed amoeboid movement involves a
localized chemoattractant interaction with the cell surface which re
sults in changes in cellular electrical potential and local concen-
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tration of secondary messengers at the leading end. This in turn
causes transient sol production and contraction at the leading end. As
this effect spreads to the tail, there is solation and contraction of
the cytoplasm which allows the cytoplasm to be forced forward as
streaming endoplasm. The direction of cell streaming is controlled
by the location of the initial stimulation by the chemoattractant
(Hellewell and Taylor, 1979).
In those cells that demonstrate ameboid movement, cell motility
is directly correlated to cell membrane turnover. The directed
ameboid movement first involves adhesion of a stimulant to membrane
receptor sites (Carter, 1965; Gail and Boone, 1972; Smith et al.,
1979; Besterman et al., 1981). Upon adhesion, the receptor sites are
laterally displaced to a tail region (Ryan et al., 1974; Kuehn and Van
Epps, 1980; Zigmond et al., 1982). This mobilization of receptor sites
to the uroid (tail) during cell migration is also observed in
Entamoeba histoi.ytica (Pinto De silva and Martinez-Palomo, 1974;
Martinez-Palamo et al., 1973; Pinto De silva et al., 1975; Trissel
et al., 1977). At the uroid the receptor sites are either capped and
internalized (Aust-Kettis and Sundquist, 1978) or shed (Aust-Kettis,
1980). It has been suggested that this process constitutes a mechanism
used by Entamoeba trophozoites to evade the host immune system during
invasion (Aust-Kettis and Sundquist, 1978; Aust-Kettis, 1980; Guerrant
et al., 1981).
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In Entamoeba the internalized membrane receptors with associated
stimulants are either degraded or recycled back to the cell surface
(Calderon et al., 1980; Aust-Kettis and Utter, 1984). In cell types
that demonstrate a primary lysosome the internalized vesicles redistri
bute or fuse forming endosomes (Edelson and Cohn, 1974), which even
tually are delivered to the lysosomes to form secondary digestive
vacuoles (Josefsson, 1968; Muller et al., 1980). However, in Entamoeba
trophozoites this has not been shown to be the case as the ameba does
not have detectable primary lysosomes (Lowe and Maegraith, 1970;
Proctor and Gregory, 1972b). Thus far, it has been demonstrated that
Entamoeba trophozoites have two vacuolar compartments (Aley et al.,
1984), large vacuoles and small acidified vacuoles. The exposure of
trophozoites to horseradish peroxidase and fluorescein-labelled dextran
resulted in the accumulation of these solutes in the large vacuole
(same pH as incubation medium) followed by detection of small amounts
in the acidified vacuole (Aley et al., 1984). When these cells were
washed and resuspended in particulate-free medium, the endocytosed
fluorescein-label led dextran was recycled back to the medium (Aley
et al., 1984). Acidification of the endocytosed vesicles within cells
resulted in receptor liberation of ligands into internal vesicle
lumina, thus allowing free receptors to return to the cell surface
(Sahagian et al., 1981; Tietzee et al., 1982; Ravdi n et al., 1986).
Entamoeba trophozoite motility and membrane turnover has been
shown to be temperature, pH and Ca++-dependent, and under microfilament
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control (Gawlitta and Stockem, 1980; Allison et al., 1971; Aust-Kettis
et al., 1978; Ravdin and Guerrant, 1981; Lopez-Revilla and Cano, 1982;
Meza et al., 1983; Bailey et al., 1985).
Penetration of the Host Intestinal Mucus Barrier
The second major step in Entamoeba invasion requires ameba tropho-
zoite penetration of the physical protective shield that covers the
luminal surface of the intestinal epithelial cells (Maegraith 1955;
Morris, 1985). The protective shield is the mucus blanket (Heatley,
1959; Morris, 1985). Mucus is a viscous, slimmy gel made up of glyco-
proteins, trapped electrolytes, sloughed epithelial cells, bacteria
and some components of the intestinal juice (Allen, 1985). It was shown
to both waterproof (Gibson et al., 1971; Goralski et al., 1975) and to
protect the gastrointestinal mucosa against necrotic agents and bacterial
invasion (Hollander, 1954; Florey, 1955). Mucus was demonstrated to
physically function as a trapping agent (Schrank and Verwey, 1976;
Plant, 1967; Forstner et al., 1982) and to contain antibodies (Walker
et al., 1974; Miller and Nawa, 1979). For example, when immunized
rats were again exposed to either Trichineiia spiral!is larvae or
Nippostrogylus brasiliensis. mucus trapped and expelled these parasites
(Lee and Ogilvie, 1982; Miller and Huntley, 1982). These infections
also resulted in goblet cell hyperplasia and increased mucin synthesis
(Miller and Nawa, 1979).
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Mucus has been shown to have an anti-ulcerogenic function (Menguy
and Thompson, 1967). This has been confirmed by studies using
glycoprotein synthesis inhibitors such as anti-inflamatory agents
(Menguy and Thompson, 1967; Dehanski et al., 1974). In the stomach,
mucus protects the mucosal cells against the necrotic effects of gastric
HC1 and pepsin (Heatley, 1959; Scawen and Allen, 1977). Protection
was achieved by mucosal cells secreting bicarbonate into the unstirred
layer or mucosal microclimate. This helped to neutralize the HC1
before it reached the cells (Garner and Flemstrom, 1978; Heylings et
al., 1982; Slomiany et al., 1985). This protective role of mucus in
the gastrointestinal tract has been confirmed by several studies which
indicated that ulcer-healing agents stimulated mucus and bicarbonate
secretion, while ulcerogenic agents inhibited their secretion (Parke,
1978; Allen and Garner, 1980; Rees et al., 1984). The process of
neutralization of HC1 produces a pH gradient across the mucus gel
(Kivilaakso and Flemstrom, 1984). In rabbit stomach a pH gradient has
been shown to exist with 2.31 at the luminal surface and 7.26 at the
mucosal surface (Ross et al., 1981; Williams and Turnberg, 1981).
The glycoprotein portion of mucus is mucin. Mucin is made up a
protein core and carbohydrate side chains (Spiro, 1970; Laboisse, 1986).
The carbohydrates consist of the following o-glycosidic-linked sugars:
GalNAc, GlcNAc, Gal, L-fuc, Gale, Glc and Nana (Forstner et al., 1973;
Kornfeld and Kornfeld, 1976).
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Mucin is synthesized and secreted by the intestinal goblet cells
(Goralski et al., 1975; Jentjen, 1986). The synthesis is initiated on
the ribosomes of the rough endoplasmic reticulum where the assembly of
the core peptides takes place (Spiro, 1970). Following this assembly,
the peptide core is passed through the smooth endoplasmic reticulum
and glycosylation occurs at the saccules of the Golgi Apparatus (Bennett
et al., 1974). Glycosylation is initiated by the transfer of GalNAc
to carbohydrate-free peptide (McGuire and Roseman, 1967; Bennett et
al., 1974). The enzyme responsible for this is UDP-GalNAc: polypeptide
N-acetylgalactosaminyl transferase (McGuire and Roseman, 1967). The
main function of this enzyme is to initiate glycosylation by transfer
ring GalNAc on to either threonine or serine residues of the core
peptide (McGuire and Roseman, 1967; Bennett et al., 1974). After
glycosylation, the glycoproteins are vesiculated in the Golgi Apparatus
(Spiro, 1970; Bennett et al., 1974), after which the mucin is either
stored or discharged into the lumen (Kramer and Geuze, 1975).
The mucin is released into the lumen by aprocine secretion (Bogart,
1975) and by a slow continuous exocytotic process (Koga, 1973). Aprocine
secretion is a defensive release of a bolus of mucin following exposure
of the epithelial cells to irritants (Jennings and Florey, 1956; Bogart,
1975). This has been shown to result in the formation of a continuous
blanket of mucin over and between the villi (Florey, 1955; Forstner
et al., 1982).
The most important intrinsic physical property of mucin is the
ability to form gels (Forstner et al., 1973; Allen, 1978; Shogren et al.,
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1986). This occurs due to the tendency of the flexible mucin
molecules to form intertwining fibrils (Forstner et al., 1973). The
gel property of mucin has been demonstrated to be determined by the
mucin concentration, size and molecular weight (Allen et al., 1982).
For example, as the concentration of pig's small intestinal mucin is
increased to 10 mg/ml, it takes on the property of native mucus gel
(Mantle and Allen, 1981).
Another factor involved in determining the gel property of mucin
is the number of disulfide bonds found within the mucin molecules
(Allen and Pain, 1970; Jones and Reid, 1978; Bell et al., 1985). The
cysteine residues at the non-glycosylated region participate in intra
molecular interactions. Agents that break disulfide bonds decrease
the gel-forming property of mucin, thus increasing dissolution (Allen
and Snary, 1972; Allen and Starkey, 1974a; Silberberg and Mayer, 1982;
Bell et al., 1985). Increasing the ionic strength has been found to
decrease the solubility and viscosity of mucus gels (Forstner and
Forstner, 1976; Creeth, 1977). The interaction of mucin with other
components has been shown to affect gel viscosity, for example, lipids
(Gibbons, 1963; Sarosick et al., 1985) and serum proteins (Gibbon,
1963). The viscosity of mucin was found to be increased when incubated
with increasing concentrations of human serum albumin (Gibbon, 1963;
Murty et al., 1984). The carbohydrates associated with mucin confer
high hydrophilicity and solvation to the molecule (Pain, 1980). The
effects of pH changes on mucin gels have not been fully studied, but
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at 37°C viscosity decreases as pH increases, suggesting possible
alkaline hydrolysis of bonds (Forstner et al., 1977).
The thickness of the gastrointestinal mucus blanket has been shown
to be controlled by the degree of mucin secretion (Jentjen, 1986).
Mucus secretion can be stimulated by choiinergic agonists, e.g. acetyl-
choline and pilocarpine (MacDermott et al., 1974) and inhibited by
cholinergic antagonists, e.g. atropine (Specian and Neutra, 1982).
Secretion of mucin has been found to be partially regulated by protein
and glycoprotein biosynthesis (Jentgen, 1986). Protein synthesis and
glycosylation can be depressed by anti-inflamatory agents (Luckie and
Forstner, 1972) and stimulated by glutamine (Windmuller and Spaeth,
1975).
Intestinal mucin turnover is rapid. In rat, the mucin turnover in
individual rat goblet cells was 2-24 h and the epithelium as a whole
turned over every 2-4 days (Neutra and Leblond, 1966). One of the main
factors involved in the turnover of secreted mucus in the lumen is the
rate of degradation. The rate of luminal mucus degradation is
controlled by, pepsin (Allen et al., 1982), lysosomal enzymes (Spiro,
1969), pancreatic enzymes (Allen and Starkey, 1974a), bile acids (Martin
et al., 1978) and bacterial enzymes (Hoskin and Zamcheck, 1968).
The ability of enteric bacteria and parasites to degrade mucin is
suggested to be one of the determinants of mucus penetration by entero-
pathogens. The enteropathogenic bacteria Shigeila flexneri that causes
shigella dysentry has been shown to degrade specific oligosaccharide
side chains of mucin during invasion (Levine et al., 1973; Prizot, 1982).
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In addition, certain enteric bacteria have specific extracellular glyco-
sidases capable of degrading mucin oligosaccharides (Miller and Hoskin,
1981; Variyam and Hoskin, 1981; Roberton and Stanley, 1982; Stanley
et al., 1986).
Entamoeba Adhesion to Target Cells,
Penetration of the mucus by Entamoeba trophozoites would permit
ameba adhesion to target cells. Entamoeba cell adhesion occurs as a
result of ameba trophozoite membrane-associated lectin-like receptors
(Trissel et al., 1977; Kobiler and Mirelman, 1980; Mattern et al., 1980;
Ravdin and Guerrant, 1981; Bracha and Mirelman, 1983). The following
have been demonstrated to be Entamoeba adhesins:
N-acetylgalactosamine or Gaiactose Residue-Sensitive Adhesins.
Studies using Chinese hamster ovary cells, human erythrocytes and human
neutrophils showed Entamoeba GalNAc or Gal inhibitable adhesin (Griffin
and Juniper, 1971; Ravdin and Guerrant, 1981; Ravdin et al., 1985).
Affinity and gel filtration chromatographic purification of ameba extracts
eluted these adhesins which had molecular weights of 43,000-67,000
daltons (Ravdin et al., 1985).
N-acetyigiucosamine or Chitotriose-Sensitive Adhesins. This is a
hemagglutinin lectin that has been attributed to Entamoeba histolytica
(Kobiler and Mirelman, 1980; Kobiler and Mirelman, 1981). These authors
inhibited attachment of ameba trophozoites to human intestinal epithelial
cells in tissue culture using GlcNAc and chitotriose (Mirelman and
Kobiler, 1981).
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Mannose-Binding to Bacteria. Entamoeba trophozoites demonstrate
selectivity in binding to gram-negative bacteria via mannose binding
sites (Bracha et al., 1982). The association of these bacteria with
ameba was shown to enhance ameba virulence (Wittner and Rosenbaum,
1970; Bracha and Mirelman, 1984). This fact was confirmed by zymodene
pattern conversion when Entamoeba isolated from asymptomic carriers
were incubated with bacteria (Mirelman and Bracha, 1984; Mirelman and
Bracha, 1986). The binding of bacteria to ameba trophozoites has been
shown to be inhibited by <xmMan (Bracha et al., 1982).
Concanavalin A Sensitive Entamoeba Trophozoites. Concanavalin A
has been shown to produce rounding and agglutination of mammalian
cells in tissue culture (Mattern et al., 1980). This lectin-like
effect is also produced by Entamoeba cell-free extracts (Mattern et
al., 1980). Conconavalin A was also found to cause the agglutination
of trophozoites, indicating the presence of Con A binding sites on
Entamoeba surfaces (MartinezPalomo et al., 1973). These effects were
inhibited by otmMan.
Mucus Adhesion. Leitch et al. (1985) indicated that exposure of
Entamoeba trophozoites to rat mucus results in trophozoites adhesion
and immobilization, followed by sloughing off of the ameba with mucus
fragments. These results were confirmed by Ravdin et al. (1985) who
also found that Entamoeba trophozoites adhered to glutaraldehyde-fixed
and viable rat colon mucosa. They indicated that ameba adhesion to
glutaraldehyde-fixed cells was GalNAc inhibitable, while adhesion to
viable cells was not, except following pretreated with trypsin.
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The process of ameba adhesion to target cells has been shown to be
pH and temperature dependent and can be inhibited with cytochalasins
which are known microfilament disruptors (Ravdin et al., 1980; Kobiler
and Mirelman, 1981).
Penetration of the Mucosai Epithelium
Cellular adhesion to target cells is believed to be the first step
in epithelial tissue invasion by Entamoeba trophozoites. This phenomenon
of adhesion was observed by Takeuchi and Philips (1975). They demon
strated that amebae first attach to colonic epithelium before penetration
between the cells. This fact was also confirmed by the work of Galindo
et al. (1978) with colonic cell cultures.
An Entamoeba coiiagenase has been demonstrated and implicated in
ameba penetration of the epithelium (Munoz et al., 1982). This
collagenase activity is located on the plasma membrane and is inhibited
by serum and EDTA. The involvement of this enzyme in mucosal invasion
was suggested by studies of Gadasi and Kessler (1983b), in which they
demonstrated that strains with a higher collagenase-activity demon
strated greater virulence.
Release of Exotoxins
Entamoeba Cytotoxic and Enzyme Activities of Potential Pathological
Significance. Upon Entamoeba adhesion to or penetration of the epi
thelium, exotoxin and/or exoenzyme release is believed to occur. The
cytopathic effects of Entamoeba histolytica cell-free extracts have
been extensively studied. Soluble extracts of Entamoeba have been
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demonstrated to be both cytopathic (Bos et ai., 1980; Said-Fernandez
and Lopez-Revilia, 1982; Gadasi and Kobiler, 1983a) and cytotoxic-
enterotoxic (Lushhaugh et al., 1979). For example, Bos (1979), using
monolayers of baby hamster kidney cells, demonstrated that Entamoeba
cell-free extracts were cytopathic. The cytopathic activity was
inhibited by serum. This fact was confirmed by the studies of Lopez-
Revilla and Said-Fernandez (1980), in which they demonstrated that
Entamoeba homogenates were hemolytic. The hemolytic activity was more
specific for rodent erythrocytes than human red blood cells (Bos et al.,
1980).
Another cell-free toxin demonstrated by Entamoeba histolytica
lysates was a cytotoxin-enterotoxin that could cause rounding, detach
ment of epithelial cells from monolayers and cause the secretion of
water and electrolytes in the intestinal lumen of experimental animals,
resulting in secretory diarrhea (Lushbaugh et al., 1979). The secretory
diarrhea was potentiated by indomethacin (Udezulu et al. 1982) and
inhibited by some exogenous prostaglandins (Leitch and Udezulu, 1982).
McGowan et al. (1983) demonstrated that when the serosal side of in
vitro rabbit ileum was exposed to Entamoeba histolytica lysates the
short-circuit current increased suggesting secretory diarrhea. These
authors believed that this response was the result of the ameba lysate
containing serotonin, as the short circuit current effect was inhibited
by bufortenine (McGowan et al. 1983). Recently, Achar and Kantor (1986)
studied the effects of the exposure of rabbit ileal loops to ameba
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extracts and demonstrated an adenylate cyclase activation with a
resulting increase in cyclic AMP -pnaduction and protein kinase
activation. Entamoeba trophozoites have also been demonstrated to
release high levels of the prostaglandins F20C , upon stimulation with
the Ca2+ ionophore A23137 (Alam, 1986). Prostaglandin F2°< is a
secretagogue that causes secretory diarrhea (Pierce et al., 1971).
A protein factor thought to be involved in the enterotoxic-cyto-
toxic activities has been isolated. It has a reported molecular weight
that ranges between 15,000-50,000 daltons (Lushbaugh et al., 1984;
Feingold et al, 1985). The toxic effect(s) of this (these) factor(s)
is (are) inhibited by iodacetamide, immune IgG, non-immune serum
proteins (alpha-1-antiprotease and alpha-1-macroglobulin), sialoglyco-
proteins and GalNAc (Mattern et al., 1980; Lushbaugh et al., 1981;
Feigold et al., 1985). The cytotoxic enterotoxic activities are
potentiated by cysteine (Lushbaugh et al., 1984; Feingold et al.,
1985).
The more virulent strains of Entamoeba trophozoites contain more
cytotoxic proteins than do the less virulent strains (Lushbaugh et al.,
1980; McGowan et al., 1982). The cytotoxin is believed to be a protein-
ase (Neal, 1960; McLaughlin and Fauber, 1977; Lushbaugh et al., 1984;
Scholze and Werries, 1984; Keene et al., 1986). Both acid and neutral
proteinase activities have been demonstrated in Entamoeba strains
(McLaughlin and Fauber, 1977; Lushbaugh et al., 1984). The neutral
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proteinase activity is higher in virulent strains (Lushbaugh et al.,
1984). This proteinase activity is a sulfhydryl proteinase, similar to
cathepsin D (Lushbaugh et al., 1984; Lushbaugh et al., 1985).
Cell-free N-acetylglucosaminidase has also been demonstrated in
strains of Entamoeba histolytica (Lundblad et al., 1981). The enzyme
has been purified and has a molecular weight of 75,000 daltons (Merries
et al., 1983). This enzyme releases terminal N-acetylglucosamine from
the non-reducing ends of oligosaccharides (Werries et al., 1983) and it
too may play a role in the disruption of mucus glycoproteins during
invasion. Other enzymes of Entamoeba that may have pathogenic signifi
cance include: hyaluronidase (Bradin, 1953; Mattern et al., 1978),
trypsin, pepsin and gelatinase (Jarumilinta and Maegraith, 1969).
However, no correlation has been demonstrated between these enzymes
and ameba virulence.
C.ytoiysis of Target Cells
Penetration of the epithelium or ameba adhesion to epithelial
cells may preceed a complex process of target cell cytolysis. This
lethal effect is contact-dependent (Kagan, 1974; Knight et al., 1975;
Knight, 1977; McCaul and Bird, 1977; McCaul et al., 1977; Guerrant et
al., 1981). Cell cytolysis results when Entamoeba trophozoites cause
blebbing in target cells to which they are attached, resulting in a
release of target cell cytoplasmic content (Martinez-Palomo et al.,
1985). This pathogenic effect was temperature-sensitive, being optimum
at 37°C, and required intact trophozoite microfilaments (Ravdin et
al., 1980; Ravdin and Guerrant, 1981; Guerrant et al., 1981).
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Recently, changes in ion fluxes both in target cells and
trophozoites have been implicated in contact killing (Ravdin et al.,
1982). This was was suggested by the fact that slow Na+-Ca++ channel
blockers could protect target cells from lysis (Ravdin et al., 1982).
Bepridil increased trophozoite membrane impedence (resistance to ion
flow) (Ravdin et al., 1985) and reduced the ability to kill target
cells, while verapamil had no effect on ameba membrane impedence but
protected the target cells against cytolysis (Ravdin et al., 1982).
A pore forming protein has been isolated from Entamoeba histolytica
and it has been suggested that insertion of this protein into the
target cell membrane results in an increase in membrane ion con
ductance which causes killing (Lynch et al., 1982; Young et al., 1982).
Slow channel blockers may protect target cells by preventing the pore
forming protein-induced membrane conductance effect.
An Entamoeba surface-active lysosome with a trigger-like mechanism
has been postulated to be involved in the trophozoite cytolysis of
target cells (Eaton et al., 1969; Proctor and Gregory, 1972a; Proctor,
1973; Deas and Miller, 1977). The surface-active lysosome was thought
to release ameba lysosome contents upon contact with target cells.
This fact has not been confirmed since ameba trophozoites do not have
detectable surface lysosomal structure (Gonzalez-Robles et al., 1981).
. However, Entamoeba has been shown to have intracellular vesicles with
acid pH (Aley et al., 1984) and Ravdin et al. (1986) has demonstrated
that acidification of ameba vesicles enhances ameba cytolysis of target
cell.
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Entamoeba sonicates have been shown to have two peaks of phospho
lipase A activity, a plasma membrane-associated, calcium-dependent
phospholipase A and a calcium-independent, cytoplasmic phospholipase A
(Long-Krug et al., 1985). Phospholipase A has been implicated in the
cytolysis of target cells by the studies of Ravdin et al. (1985), who
showed that target cell cytolysis was inhibited by quinacrine,
phosphatidylcholine, hydrocortisone and DL-dimethyl-2-3-distearoyloxy-
propyl-2-hydroxyethylammonium acetate. These agents are known
antagonists of phospholipase A activity.
Phagocytosis of the Target Cells
Following ameba adherence and cytolysis of target cells, phago
cytosis usually takes place (Chevez et al., 1972; Trissel et al., 1978;
Ravdin et al., 1982). Prior cytolysis of target cells is not essential
for phagocytosis to occur. Entamoeba strain differences in the ability
to phagocytize cells have been shown to correlate with strain virulence
(Zaman, 1970; Ravdin and Guerrant, 1982; Orozco et al., 1982; Orozco et
al. 1983).
In the intestine, Entamoeba may remain commensally in the lumen
or invade the epithelial mucosa, resulting in amebic desentry. The
ameba or host factors that may be involved in the transition from a
commensal to an invasive form include, ameba trophozoite motility in
the host intestine, competition or association with intestinal bacterial
flora, the nutritional state of the host, the immune state of the
host, the ability of ameba trophozoites to penetrate the host mucus
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barrier, the adherance to epithelial cells, penetration of the
epithelium or the release of exotoxins, the cytolysis of target cells,
or finally the phagocytosis of target cells. The intestinal mucus
blanket plays a key role in the physical protection of the epithelial
cells (Morris, 1985). It serves as the first line of defense against
the invasion of the epithelial tissues by enteric pathogens. Thus,
for these pathogens to elicite cytopathic effects on epithelial tissue,
they have to first penetrate the mucus blanket.
The gel characteristics of mucus, which are essential for the
protective role of mucus could be altered due to changes in the mucin
oligosaccharide carbohydrates. To a degree these carbohydrates deter
mine the structure, gel characteristics and rate of degradation of mucus
glycoprotein. One of the most important carbohydrates protecting mucin
oligosaccharides from degradation is Nana (Wold et al., 1975; Forstner,
1979).
N-acetylneuramie acid, L-fuc and GalNAc are the three major carbo
hydrates located on the non-reducing ends of mucin glycoprotein oligo
saccharides (Kornfeld and Kornfeld, 1976). These carbohydrates could
be hydrolyzed by N-acetylneuraminidase (Gottschalk, 1957; Baker and
Gandhi, 1976), L-fucosidase (Carlsen and Pierce, 1972) and N-acetyl-
galactosaminidase (Lundblad et al., 1981).
The Nana imparts a net negative charge to the mucin oligosaccha
rides. It has been proposed that charged groups play a central role in
the cross-linkages between glycoprotein molecules, which enhance the
32
gel characteristics of mucins (Gottschalk, 1960). However, total
removal of mucin Nana does not affect the viscosity of mucus; thus,
leaving in question the role of Nana in the physical properties of
mucin (Meyer et al., 1975).
In vivo enzymatic degradation of mucus has been shown to be
increased by the removal of mucin Nana (Wold et al. 1975; Guslandi,
1981). Thus, Nana is still considered essential for the retention of
the mucus gel physical properties in vivo and the protection such a
gel provides. This gel degradation prevention role of Nana has also
been confirmed by in vivo studies using submaxillary mucin, small
intestinal mucin and colonic mucin (Pigman and Harp, 1972; Fukuda and
Matasumura, 1975). In vivo studies also demonstrated that gastric
acid (Horwitz, 1967) and bacterial enzyme removal of Nana (Allen and
Starkey, 1974b) initiated the complete degradation of mucin oligo-
saccharides in the large intestine by bacterial glycosidases (Forstner,
1979).
Some pathogenic enteric bacteria have been shown to contain
neuraminidase. These pathogens include Clostridium perfringens and
Vibrio choierae (Popenon and Drew, 1957; Stark et al., 1974).
Neuraminidase has been demonstrated in influenza virus, a microorganism
that invades the respiratory epithelium, and some protozoa, for example
Trypanosoma cruzi (Laver, 1963; Muller, 1974).
Neuraminidase is an enzyme that can hydrolyze the <*L-ketosidic link
ages of carbohydrates (Yu and Ledeen, 1969). There are four possible
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positions for the tx-ketosidic linkages between Nana and other sugar
molecules. They are «*(2 -> 3), <*(2 -> 4), c*(2 ->6) and *(2 ->8) link
ages (Gotschalk and Bhargawa, 1971). Vibrio cholerae and Clostridium
perfringens neuraminidases hydrolyze four of these linkages (Gottschalk
and Bhargawa, 1971). Influenza virus neuraminidase is selective and
only hydrolyzes <*(2 -> 3) and =*(2 ->6) linkages (Rafelson et al. 1966;
Barman, 1985).
Vibrio cholerae and influenza virus neuraminidase activities are
calcium-dependent and demonstrate optimum activities at pH 5.6 and
pH 6.5, respectively (Holmquist, 1975; Baker and Gandhi, 1976).
Clostridium perfringens neuraminidase does not require calcium and has
an optimum pH of 4.5 (Popenon and Drew, 1957). The parasitic protozoa
Trypanosoma cruzi has a pH optimum of 6.5 and is calcium-dependent
(Pereira, 1983b).
Vibrio cholerae, one of the neuraminidase-containing pathogens,
also elaborates an enterotoxin, as does Entamoeba histolytica, which
combines with an epithelial receptor (Finkelstein and Lospalluto, 1969).
The cholera enterotoxin has been shown to cause secretion of isotonic
fluid into the intestinal lumen. The toxin is a protein of 84,000
daltons, made up of two components, A and B. For the enterotoxin to
induce secretory diarrhea the B component must first bind to epithelial
cell receptors (Finkelstein and Lospalluto, 1970; Cuatrecasus, 1973;
Fishman et al., 1977), allowing the A component to penetrate the cell
and induce a continuous activation of adenylate cyclase activity (Gill
and Meren, 1978; Cassel and Selinger, 1977; Cassel and Pfeurrer, 1978).
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The cellular receptor for the enterotoxin is a monosialoganglioside,
Gq (Holmgren, 1973).
Vibrio cholera also contains another enzyme, mucinase. This
enzyme has been shown to completely hydrolyze mucin, making it non-
precipitable by acid alcohols (Burnet, 1949). In the gastrointestinal
tract this enzyme is thought to destroy the mucus gel (Burnet and
Stone, 1947; Schneider and Parker, 1982).
It has been suggested that Vibrio cholerae neuraminidase and
mucinase activities aid the organism or its enterotoxin to penetrate
the mucus blanket. To date, no direct evidence has been found to
implicate these enzymes in the diarrhea of cholera, since not all
bacterial enteropathogens possess these enzymes nor are all organisms
that possess the enzymes enteropathogic.
In the case of Entamoeba histolytica, the intestinal mucus
physically traps the tropohzoites and subsequently retards their motiiity
(Leitch et al., 1985). Therefore, in order for an Entamoeba trophozoite
to gain access to the epithelium, it has to either initially disrupt
the mucus integrity enzymatically before penetration or physically
force its way through the mucus gel.
In the study reported here experiments were designed to deter
mine how Entamoeba histolytica trophozoites could penetrate the mucus
blanket during invasion of the intestinal mucosa. Three areas of
trophozoite mucus interaction were addressed: 1) the relationship
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between mucin, mucin carbohydrates and ameba motility, 2) the demon
stration and partial characterization of an Entamoeba trophozoite
surface neuraminidase, assumed to play a role in the ameba penetration
of the mucus blanket and 3) the determination of whether rat cecum
and colon mucus could withstand the physical force known to be




Entamoeba histolytica trophozoites. strain HM-1: IMSS, were
maintained axenically in Diamond's TY1-S or TPS media, with an initial
pH of 6.8 (Diamond, 1968). The trophozoites were grown in 10 ml capped-
glass test tubes at 370c. They were transferred every 36-48 h by sub
dividing the trophozoites into two portions.
Trophozoite Harvesting
Ameba trophozoites were harvested at logarithmic phase by chilling
the culture tubes in iced-water for 5 min. The tubes were centrifuged
at room temperature for 2.5 min at 500 xg (Udezulu et al., 1982) to
separate the trophozoites from the spent medium. The supernatant
solution was removed by suction and the trophozoites were pooled and
washed twice in an unbuffered saline (UBS) solution (pH adjusted to 6.7
and osmolarity adjusted to 344 mosmol). The washed trophozoites were
suspended to known concentrations in TY1-S, TY1 (this medium without
serum), TPS, TP (this medium without serum) or PS (pH 6.7, 344 mosmol).
Isolation of Ameba Membrane Fractions
Ameba membrane fractions were isolated by the method of Aley et al.
(1980). This method separates membranes from trophozoite homogenates
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into three fractions: plasma membranes, vesiculated internal
membranes, and non-vesiculated internal membranes/debris. In brief,
the separation procedure involved preparing a suspension of 10? ameba/ml
in PD. The trophozoites were washed twice in this solution and then
suspended in PD containing 10 mM MgCl2 and mixed with an equal volume
of PD containing 1 ug/ml Concanavalin A. After 5 min the cells were
centrifuged, the supernatant solution removed and the trophozoites
suspended for 10 min in TD. After swelling, the cells were homogen
ized by 20 strokes with a Potter-Elvehjem homogenizer and the formation
of cell membrane sheets verified microscopically. The homogenates were
then layered over a two-step gradient consisting of 0.5 M mannitol over
0.58 M sucrose in 10 mM Tris buffer, pH 7.5, and centrifuged at 1,000 xg
for 30 min. The fractions on top of the mannitol were removed and
centrifuged at 40,000 xg for 1 h to obtain internal vesiculated
membranes. The pellets obtained from beneath the sucrose layer were
resuspended for 40 min in 10 mM Tris buffer, pH 7.5, containing 1 mM
oCmMan. The samples were diluted with three volumes of 10 mM Tris
buffer, pH 7.5, homogenized with 80 strokes using a Potter-Elvehjem
homogenizer and layered over a 20% sucrose solution. The samples were
again centrifuged for 30 min at 1,000 xg. The pellets from this centri-
fugation represented the non-vesiculated membranes/ debris fraction.
The material floating on the sucrose layer was resuspended in 10 mM
Tris-HCl, pH 7.5, and centrifuged at 40,000 xg for 1 h to obtain the
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plasma membrane fraction (pellet). The three fractions were resuspend-
ed in PS and exhaustively dialyzed against 10 mM Tris-HCl, pH 6.7. All
steps in the above procedures were performed at 4°C.
Entamoeba Histoiytica Trophozoite Motility Studies
Ameba trophozoites motility was determined in solutions containing
rat colon mucus blanket and luminal fluid and solutions containing
bovine salivary mucin, Nana, L-fuc, GlcNAc, Glc, Gal, Gale, GalNAc,
NAN-lactose, Dacb, Tact mMan, N-acetylmannosamine and pyruvate. The
test solutes were dissolved in TY1, TY1-S or PS. Motility measurements
were performed after appropriate incubation periods of approximately 105
trophozoites in 1.5 ml medium in a 37°C warm-room. This assay involved
placing a sample of amebae on a prewarmed hemocytometer slide maintained
in a 37°C warm-room. The sample was allowed to settle 1 min onto the
grid surface before applying the coverslip. Two or three amebae were
observed for 5 min and their motilities were scored. The scoring
procedure involved focusing on a trophozoite in the middle of one of
the small (1/16 X 1/16 mm) grid squares and counting the number of
lines intersected by any portion of the trophozoite during the 5 min
test period.
Protocol for Ameba Trophozoite Motility Studies in Rat Colon Luminal
fluid
Adult male Sprague-Dawley rats were anesthetized using pentobarbi-
tol as a general anesthetic. Procaine was administered as a local
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anesthetic at the site of incision. A laparotomy was performed and
the colon was washed thoroughly with a warm isotonic saline solution,
pH 6.7. Two ligatures were used to make a 7.0 cm long loop in the
proximal colon and a catheter was inserted into the distal end of
the loop. Entamoeba trophozoites cultured in TY1-S were harvested
and washed twice in UBS and resuspended in TY1 or TY1-S. A 0.5 ml
suspension (106 trophozoites/ml) of these amebae in either TY1 or
TY1-S was then inoculated into the colonic loop. Five min later,
the luminal content was removed and divided with a syringe into mucus-
containing and mucus-free solution. The trophozoites in the luminal
fluid samples were found to be associated with mucus fragments or free,
respectively. The motility of representatives of these two subsets of
trophozoites was then measured.
Protocol for Ameba Trophozoite Motility Studies in Type 1 Bovine
Submaxiliary Mucin
Entamoeba trophozoites, grown in either TY1-S or TPS media, were
washed and resuspended in either TY1, TY1-S or PS. Bovine submaxillary
mucin (Type I, Sigma Chemical Co., St. Louis, MO.) was dissolved in TY1
or TY1-S at concentrations of 1, 2, 4, 6 or 8 mg/ml. This mucin was
also dissolved in PS at concentrations of 0.29, 1.14, and 8.00 mg/ml.
These three mucin concentrations have Nana concentrations equivalent to
0.02 mM, 0.08 mM and 0.56 mM. The Nana concentrations of mucin samples
were determined by the thiobarbituric acid method of Warren (1959)
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following liberation of free Nana by mild acid hydrolysis (incubation
in 0.1N H2S04 at 80°C for 60 min). The mucin solutions were inoculated
with washed trophozoites suspended in the same solution used to dissolve
the mucin. When either TY1 or TY1-S media were used, the ameba motility
was measured after a 30 min incubation period. When PS was used, the
ameba motility was measured at 0, 5, 15, 30, 45 and 60 min.
Protocol for Performing Ameba Motility Studies in Mucus Glycoprotein
Carbohydrate Monosaccharides
Entamoeba trophozoites grown in TY1-S media, were harvested, washed
and resuspended in either TY1-S or TY1 media. Trophozoite suspensions
in these media were inoculated respectively into either TY1-S or TY1
assay solutions containing 1.0 mM or 0.2 mM L-fuc, GlcNAc, Glc, Gal,
Gale, Nana, GalNAc, or 5.0 mM GalNAc, respectively. Each assay solution
was incubated for 30 min at 37°C in the warm-room and ameba motility
was then measured. Ameba motility was also measured in PS containing
0.02 mM, 0.08 mM, 0.20 mM or 0.80 mM Nana (Type I, Sigma Chemical Co.,
St. Louis, M0.). In this latter group, ameba trophozoites were grown
in TPS media, harvested, washed and resuspended in PS. The trophozoites
were inoculated into each Nana solution at 5 min intervals and the
ameba motility was measured at 0, 5, 15, 30, 45 and 60 min.
Protocol for Measuring Ameba Motility in Mucin Carbohydrate Polymers
and other Carbohydrates
Entamoeba trophozoites grown in TY1-S, were harvested, washed and
resuspended in either TY1 or TY1-S medium and incubated at 37°C for
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30 min in solutions containing 1.0 mM or 0.2 mM «mMan, Dacb and Tact,
respectively. After the incubation period, ameba motility was
measured. In another group of studies, o<(2 -> 3) NAN-lactose (from
bovine colostrum, 85% <^2 -> 3, Sigma Chemical Co., St. Louis, MO.) and
o<(2 -> 6) NAN-lactase (from human colostrum, 85% cx.2 -> 6, Sigma
Chemical Co., St. Louis, MO.) lactose, pyruvate and N-acetylmannosamine
were dissolved in PS. The ot(2 -> 3), and c<(2 ->6) NAN-lactose were
dissolved at concentrations of 0.02 mM, 0.08 mM, 0.20 mM and 0.80 mM.
Lactose, pyruvate and N-acetylmannosamine were dissolved at a concentra
tion of 0.08 mM. These solutions were incubated with trophozoites grown
in TPS media, washed and suspended in PS. The motility of amebae sus
pended in©<(2 -> 3) or ©<(2 -> 6) NAN-lactose containing assay solution
was determined at 0, 5, 15, 30, 45, and 60 min. The ameba motility
in lactose, pyruvate or N-acetylmannosamine was determined after 30
min incubation.
Protocol for Measuring the Effects of Calcium Concentrations and EGTA
on Ameba Trophozoite Motility
In order to assess the motility effects of medium calcium, tropho
zoites were suspended in PS and incubated in PS solutions containing
0.2 mM«x(2->3) NAN-lactose and 1 mM, 2 mM, 3 mM, 5 mM, 10 mM and 20 mM
CaCl2 or 0.2 mM EGTA. After a 30 min incubation period, the motility
of the amebae was measured.
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Protocol for Measuring the Effects of Cytochalasin D and DMSO Carrier
on Ameba Trophozoite Motiiity
Entamoeba trophozoites were grown in TPS, harvested, washed and
suspended in PS. The trophozoites were incubated at 37°C with 2,
5, 10, 20 or 30 ug/ml cytochalasin D for 15 min. The cytochalasin D
solutions were prepared by dissolving this agent in DMSO. The final
DMSO concentration in the solution was 0.5%. Control experiments were
performed in solutions in which cytochalasin D was omitted and 0.5% DMSO
carrier alone was added. After the initial 15 min incubation, 0.2
mM<*(2-3) NAN-lactose was added to the assay solutions and motility
measured at 0, 5, 15, 30, 45 and 60 min in the 37°C warm-room.
Enzyme Assays
Entamoeba neuraminidase. Intact Entamoeba trophozoites, homogenates
and membrane fractions were incubated with Nana-containing substrates and
the free Nana released was measured by the method of Warren (1959). The
substrates used were <x(2 -> 3) NAN-lactose, «x(2->6) NAN-lactose and
commercial bovine submaxillary mucin. Briefly, the assay procedure
involved incubating the mixture at 37°C. After incubation, a 0.5 ml
aliquot was taken from the solution to determine the released Nana by the
thiobarbituric acid assay method in which only free Nana is oxidized with
sodium peroxidate in concentrated phosphoric acid. The oxidized Nana is
coupled to thiobarbituric acid to form a chromophore which is extracted
with cyclohexanone. The chromorphore has an absorption maximum at 549 nm.
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Duplicate Nana standards of a single concentration were used to permit
yield determinations after the cyclohexanone extraction. The following
equation (equation 1; Warren, 1959) was used to calculate the Nana




V = Final volume of the test solution in mis
57 = Molar Extinction Coefficient
A = Absorbance of sample at 549 nm
The use of this equation is valid only when the concentrations of
other interfering carbohydrates are low. Standard additions were made
to representative trophozoite assay samples to determine if the use of
this equation was justified.
As the amount (jjmol) of Nana released by Entamoeba intact cell and
membrane fraction neuraminidase was small, the specific activities were
represented as ymol/mg protein, 30 min instead of ymol/mg protein/ min.
This unit is consistent with that utilized by Udezulu and Leitch (1987).
Entamoeba Calcium Regulated Adenosine Triphosphatase
Ameba Ca++-ATPase activity was assayed by the method of McLaughlin
and Muller (1981). The assay solutions (2 mis) contained 20 mM glycyl-
glycine-NaOH, 0.03% Triton X-100, 0.4 mM ATP (disodium salt), 0.4 mM
calcium acetate, 20 mM Trizma base, pH 8.8, and 1 ml ameba membrane
fraction (40 ug protein). The assay solutions were incubated for 10
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min at 30°C and 0.8% sulfosaiicylic acid was added to stop the reaction.
The released Pj was measured by the orthophosphate determination method
of McLaughlin and Meerovitch (1976).
Entamoeba P-nitrophenyl Phosphatase (Acid Phosphatase)
Ameba acid phosphatase activity was measured in an assay solution
(2 mis) containing 2 mM p-nitrophenyl phosphate, 40 mM sodium acetate
buffer, pH 5.0, 5 mM MgCl2, 0.1% Triton X - 100 and 1 ml ameba membrane
fraction (40 ug protein). The assay solution was incubated at 37°C
for 2 min. The reaction was stopped with one drop of 40% KOH and
the released p-nitrophenyl determined at 400 nm (Serrano et al., 1977)
Protocol For Determining Ameba Neuraminidase Activity Using o<(2 -> 3)
NAN-Iactose, ^(2 -> 6) NAN-lactose and Bovine Submaxilary Mucin as
Substrates
Ameba trophozoites were grown in TPS, harvested, washed and
resuspended in UBS to a final concentration of 10^ trophozoites/ml.
The washed amebae were added to UBS assay solutions containing 0.02 mM,
0.08 mM, 0.20 mM or 0.80 mM o<(2 ->3) NAN-lactose. These solutions were
incubated at 37°C and aliquots were taken at 0, 5, 15, 30, 45, and 60
min for the measurement of free Nana. In a second study, the
neuraminidase activity of intact trophozoites was measured using
<a<(2 -> 6) NAN-lactose, and in a third study, 2.85 mg/ml salivary mucin
(equivalent to 0.20 mM Nana) was used as a substrate for the trophozoite
neuraminidase. The assay solutions containing a<.(2 -> 6) NAN-lactose
were incubated for 30 min while those for bovine submaxiilary mucin
were incubated for 0, 5, 15, 30, 45, and 60 min periods.
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Protocol to Determine if Ameba Trophozoites Possess Nana or Release the
Neuraminidase Into the Incubation Media
Entamoeba trophozoites were suspended in PS (106/m1) and homogeniz
ed by ultrasonic disruption (20 watts for 3 rain). The homogenates were
then subjected to mild acid hydrolysis in 0.1 N H2S04 at 80°C for 60 min.
The free Nana so released was measured by the method of Warren (1959).
In another assay, 10^ trophozoites/ml were incubated at 37°C for
30 min in UBS. The incubation medium was then centrifuged at 500 xg
for 5 min and the supernatant solution (spent medium) was assayed for
both released Nana and neuraminidase activity. The neuraminidase
activity was measured in an assay solution containing 0.2 mM <*(2 -> 3) -
NAN-lactose.
Protocol to Determine the pH Optimum of Entamoeba Neuraminidase
In a preliminary group of experiments intact trophozoites were
washed and suspended in UBS (106/ml). The amebae were then homogenized
by ultrasonic disruption and the homogenates added to unbuffered neura
minidase assay solutions containing 0.2 mM ©4(2 -> 3) NAN-lactose and 2
mM CaCl2 in which the pH was adjusted by the addition of either HC1 or
NaOH to values between 6.3 and 7.3. The pH of each assay solution was
measured at the end of the 30 min incubation period. Preliminary
results of these experiments indicated the presence in Entamoeba
trophozoites of a neuraminidase with an optimum pH of 6.7.
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Following these preliminary experiments, intact Entamoeba
trophozoites were washed and suspended in PS (lO^/ml). The cells were
then homogenized by ultrasonic disruption and centrifuged at 48,000 xg
for 30 min at 4°C. The supernatant solution and the pellet fractions
were then assayed for neuraminidase using a PS assay solution containing
0.2 mM o<(2 -> 3) NAN-lactose and 2 mM CaCl2, in which the pH was
adjusted over the range 6.3 to 7.3 using 20 mM Pipes buffer. The
membrane fractions were prepared by the method of Aley et al. (1980)
and the pH dependence of the neuraminidase activity of these membrane
fractions was determined. In the case of the plasma membrane fraction
the neuraminidase assay was performed in assay solutions containing
2.0 mM CaCl2 and in calcium-free assay solutions containing 0.2 mM EGTA.
Protocol to Determine the Optimum Ca++ Concentration for Maximal
Neuraminidase Activity
In another preliminary experiment ameba trophozoites obtained from
TPS culture were washed and suspended in UBS. The trophozoites were
homogenized and added to an unbuffered assay solution in which the pH
was adjusted with either HC1 or NaOH to 6.7 and calcium concentrations
varied over the range of 0 to 10 mM using CaCl2« At the end of the
incubation period the pH of each assay solution was measured. Pre
liminary results demonstrated a calcium-activated neuraminidase with an
optimum calcium concentration of 2.0 mM.
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Following this preliminary assay the intact trophozoites were wash
ed and suspended in PS (106/ml), homogenized and centrifuged at 48,000 xg
as previously described. The supernatant and pellet fractions were then
exposed to 20 mM PS, pH 6.7, containing 0.2 mM <*(2 -> 3) NAN-lactose, in
which the calcium concentration was varied over the range of 0 to 10 mM
by the addition of CaCl2. Entamoeba plasma membrane fraction neuramini-
dase assays were also performed in 20 mM PS, pH 6.7, containing 0.2 mM
o((2 -> 3) NAN-lactose, with calcium concentrations over the range of
0 to 10 mM and with a calcium-free assay solution containing 0.2 mM EGTA.
Protocol to Determine the Optimum Temperature for Maximal Entamoeba
Neuraminidase Activity
Entamoeba plasma membrane fractions were prepared by the method of
Aley et al. (1980). The assay solutions contained ameba membrane
fraction dialysate (40 yg protein), 2.0 mM CaCl2 and 0.2 mM<x(2 -> 3)
NAN-lactose in PS, pH 6.7. These solutions were incubated at 10, 25,
30, 35, 37 and 40°C for 30 min.
Protocol to Determine the Effect of Exposure of Entamoeba Trophozoites
to Cytochalasin D and DMSO on Neuraminidase Activity
Trophozoites grown in TPS were harvested, washed and suspended in
PS at a concentration of 10^ trophozoites/ml. Prior to the measurement
of neuraminidase activity, the trophozoite suspension was incubated
with 30 jjg/ml of cytochalasin D at 37°C for 15 min. When cytochalasin D
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was omitted, 0.5% DMSO carrier was used in the incubation medium. After
incubation, the ameba trophozoites were suspended in neuraminidase assay
solutions containing 0.2 mM o<(2 -> 3) NAN-lactose and 2.0 mM CaCl2 in
PS, pH 6.7. The assay solutions were incubated for 30 min at 37°C and
the released Nana was measured.
Protocol to Determine the Effects of Cytochaiasin D and DMSO on Membrane
Fraction Neuraminidase
Entamoeba trophozoites were cultured in TPS, washed and suspended
in PS, pH 6.7. The trophozoites were then incubated for 45 min with
either 30 ug/ml cytochalasin D or 0.5% DMSO. After incubation, the
trophozoites were homogenized and membrane fractions were prepared by
the method of Aley et al. (1980). The membrane fractions were ex
haustively dialyzed against 10 mM Tris-HCl, pH 6.7. Dialysates were
incubated with 0.2 mM <=<(2 -> 3) NAN-lactose, 2.0 mM CaCl2 in PS, pH
6.7 for 30 min at 37°C. At the end of the incubation period, aliquots
were taken to measure free Nana. The Ca++-ATPase and p-nitrophenyl
phosphatase (acid phosphatase) activities of each membrane fraction
were also determined. In another group of studies, 10^ trophozoites/ml
were incubated with 30 jjg/ml cytochalasin D or 0.5% DMSO for 45 min at
37°C. At the end of the incubation period, the cells were homogenized
by ultrasonic disruption and the neuraminidase, Ca++-ATPase and acid
phosphatase specific activities of the homogenates were determined.
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Protocol to Determine the Effects of Triton X-100, Saponin and Ultra
sonic Disruption of the Membrane Fractions on Neuraminidase Activity
Membrane fraction dialysates were added to assay solutions contain
ing 0.1%, 0.2%, 0.3% and 0.5% Triton X-100 or 0.15% saponin. In another
assay, membrane fraction dialysates were sonicated before their addition
to the assay solutions. Each assay solution contained 0.2 mM *c(2 -> 3)
NAN-lactose and 2.0 mM CaCl2 in PS, pH 6.7. The assay solutions were
incubated at 37°C for 30 min and the amount of Nana released was
determined.
Entamoeba Nana-Aldoiase
In preliminary experiments, Entamoeba trophozoites cultured in TPS
were harvested, washed and suspended in PS (106/ml). The trophozoites
were homogenized and the homogenate was incubated with 10 mM Nana in
100 mM potassium phosphate buffer at pH values of 7.0, 7.2, 7.4, 7.6
and 7.8, for 15 min at 37°C. The samples were then heated at 100°C
for 2 min and equal volumes of water was added to each prior to
centrifugation at 500 xg for 5 min at room temperature. The super
natant solutions were incubated with 0.4 M potassium tetraborate, pH
9.1, at 100°C for 10 min. A solution containing 10 g of p-dimethyl
aminobenzaldehyde in 12.5 ml 10 N HC1 (analytical reagent), diluted
with 9 volumes glacial acetic acid (87.5 ml) was further diluted with 9
volumes glacial acetic acid and 3 ml of the diluted solution was added
to each supernatant sample. The mixtures were incubated for 10 min
at 37°C. After color development, TCA was added to blanks, N-acetyl-
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mannosamine standards and samples to a final concentration of 4%. To
neutralize the samples calcium carbonate was then added in excess and
filtered. The Asssnm of the filtrate was then determined (Barnett et
al, 1971; Udezulu and Leitch, 1987).
In order to localize the Nana-aldolase, Entamoeba histoiytica
homogenates were centrifuged at 150,000 xg for 30 min. The super
natant and pellet fractions were assayed for Nana-aldolase in 100 mM
potassium phosphate buffer, pH 7.4.
In the final assay, the supernatant fraction was added to a
solution containing a final concentration of 30 mM sodium pyruvate in
30 mM sodium phosphate buffer, pH 7.4. The solution was incubated
for 5 min at room temperature and an equal volume of 32 mM sodium
borohydride was added. The solution was incubated at 37°C for 30
min and aldolase activity assayed. In another experiment 10 mM
EDTA was added to the Nana aldolase assay solution containing 100 mM
potassium phosphate buffer, pH 7.4 (Barnett et al. 1971; Udezulu and
Leitch, 1987).
Protein Determination
The protein contents of trophozoite homogenates and membrane
fraction samples were determined by the Bio-Rad method. This is a
protein assay kit based on the observation that the absorbance of an
acidic solution of Coomassie Brilliant Blue G-250 shifts its absorption
peak from 465 to 595 nm when protein binding occurs (Bradford, 1976).
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Entamoeba Pseudopod Kinetic Force Studies
Experiments were designed to determine if ameba trophozoites could
generate enough physical force to push their way through the intestinal
mucus blanket. Ameba pseudopod motive force has been demonstrated by
Smith and Meerovitch (1982) and calculated to be 3.3 X 10"6Newton. In
the present study microspheres (Coulter, Hialeah, FT.) with diameters
of 5, 10, 14, and 20 microns were used. The downward force exerted by
these micropheres was calculated as they entered isolated rat colon and
cecum mucus gels under various gravitational forces. The downward
force was calculated as follows:
fd = (Qp - Qm) 4/3 TT r3g (Griffith, 1982)
fd = force (Newtons) exerted by the microsphere
Qp = density of microsphere
Qm = density of mucus
r = radius of microsphere
g = force of gravity
Adult male Sprague-Dawley rats were anesthesized using pentobarbi-
tal. A laparotomy was performed. The colon and cecum were ligated;
a catheter was implanted in each, and each was washed thoroughly with
warm isotonic saline. The animals were allowed 15 min for recovery
prior to the subcutaneous administration of 2 mg/kg pilocarpine. Each
ligated loop was then inoculated with saline and after 30 min the
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loops were drained and their contents centrifuged for 30 s in a
microcentrifuge. The supernatant solutions were removed. The pellets
contained the mucus gels and these gels were placed into microcentrifuge
tubes. Microspheres were then placed onto the surface of the mucus
gels. The cecal mucus samples were exposed to unit gravity at 37°C.
The colonic mucus samples were subjected to sufficient centrifugal
force at 37°C to force the microspheres through the mucus gel in 3 min.
The required gravitational force was recorded. The densities of the
mucus gels and of the microspheres were measured by observing the
samples and microspheres in sucrose solutions of known densities at
37°C. The force in Newtons required for the microspheres to migrate
through the mucus was then calculated.
Statistical Evaluation
Unpaired Student t tests were used to compare two mean values. A
one way analysis of variance followed by post hoc Dunnett's tests were
used to determine statitically significant differences between groups,
when more than two means were involved.
CHAPTER IV
EXPERIMENTAL RESULTS
Entamoeba trophozoite motility was determined in the following
assay solutions; TY1 medium, TY1-S medium, and PS (344 mosmol, pH 6.7).
The Entamoeba motility was low in the TY1 medium and PS, (pH 6.7),
thus these solutions were used to test compounds for stimulation of
motility. Entamoeba motility was high in TY1-S medium and this solution
was used to test compounds for inhibition of motility.
Entamoeba trophozoites in either TY1 or TY1-S media were inocu
lated into in vivo rat colon loops for 5 min. After this period,
the loops were drained and trophozoites in the luminal contents were
categorized as free in solution or mucus-associated. In the latter
case the amebae were visibly attached to mucus fragments. Entamoeba
motility was tested in TY1 and TY1-S media prior to and following the
5 min sojourne in rat colon loops. Motility scores are represented
as the number of l/16mm lines intersected in 5 min (Fig. 1). Value a,
represent control motility measurements in either TY1 or TY1-S prior to
inoculation into rat colon loops. Values b and c represent motility of
trophozoites that have sojourned for 5 min in in vivo rat colon loops
and were either free or associated with mucus fragments, respectively.
Trophozoites in TY1 that were free after colonic inoculation showed
significantly increased motility (P<0.01) when compared to TY1 control
amebae, whereas the trophozoites associated with mucus fragments did





















































amebae (P>0.05). Motility in TY1-S media was normally high provided
that the trophozoites remained unattached to mucus fragments. A 5 min
sojourne in rat colon did not affect motility in this medium (P>0.05).
However, when the trophozoites were associated with mucus fragments, a
significant decrease in motility was observed when compared with the
TY1-S control (P<0.01).
The reduction in motility observed when trophozoites were associ
ated with mucus fragments from colonic lumen suggested physical
hindrance of ameba movement. In Fig. 2, the results illustrate pre
liminary experiments on ameba trophozoite motility in the presence of a
commercially-purified mucin preparation. Bovine submaxillary mucin
was dissolved in either TY1 or TY1-S media. These solutions were then
inoculated with ameba trophozoites. A mucin concentration-dependent
inhibition of ameba motility was observed when the trophozoites were
maintained in TY1-S medium. Motility was high at low mucin concentra
tions (1 and 2 mg/ml) in both TY1 and TY1-S media. At higher concen
trations, motility was inhibited, suggesting a possible physical
hindrance of ameba movement. None of the mucin concentrations used
caused gel formation, however. The apparent viscosities of 6 mg/ml
and 8 mg/ml mucin were 4.4 and 6.1 centipoise, respectively at
a shear rate of 1.15 s"l, suggesting the formation of a viscous sol.
As low mucin concentrations stimulated ameba motility in TY1 media,
thus, assays were designed to test the effect of mucin carbohydrates
and other compounds known to interact with the ameba surfaces. Tables 1
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used to test each carbohydrate for inhibition of motiiity, and TY1
medium was employed to test for stimulation of motility. In TY1 media
at high concentration (1.0 mM), all the mucin carbohydrates except
L-fuc and GalNAc stimulated ameba motility. N-acetylneuraminic acid
was the most effective motility stimulant of the compounds tested. At
low concentrations (0.2 mM), only Nana showed a statistically signifi
cant stimulation of motility. In TY1-S medium at high concentration
(1.0 mM), with the exception of Glc, GlcNAc and Nana, all mucin
carbohydrate demonstrated significant inhibition of motility. L-fucose
(1.0 mM) caused the greatest inhibition, while Nana significantly
stimulated motility. At 0.2 mM, only L-fuc was inhibitory and Nana was
stimulatory.
Further motility studies were performed using Entamoeba tropho-
zoites axenically cultured in TPS medium. Fig. 3 and Table 3 summarize
the effects of Nana, oc(2 -> 3) NAN-lactose, <*(2 ->6) NAN-lactose and
bovine submaxillary mucin on Entamoeba trophozoite motility. Mucin
concentrations are represented as equivalent concentrations of their
Nana contents (Fig. 3). As ameba motility was low in PS (344 mosmol,
pH 6.7), this solution was used to test the stimulatory effects of the
above compounds on ameba motility. Motility scores are represented as
the number of lines intersected in 5 min. N-acetylneuraminic acid,
c*(2 ->3) NAN-lactose and mucin caused an increase in motility with




















Table 3. Entamoeba histolytica Trophozoite Motility in Saline Solutions Containing
<x.(2->6) N-acetylneuramin-lactose.
Time Control (NaCI) Solution8 0.05 mMa 0.08 mMa 0.80 mMa
0 min 1.10^0.01 1.00^0.00 3.41 +_ 0.60 5.60^1.20
5 min 1.41^0.30 1.40^0.31 4.00^0.90 6.60^0.90
15 min 1.00 ^ 0.10 1.82 +.0.40 5.01 +_ 0.92 8.20^1.81
30 min 1.11 +_ 0.10 2.01^0.00 5.20^1.03 10.00 _+1.62
45 min 1.00^0.00 2.65^0.31 7.42 +_ 1.20 11.03 +_ 1.56 o»
60 min 1.01^0.00 3.04^0.42 9.41^1.20 13.61^1.90
a) Means _+ SEM where N=10
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stimulated ameba motility. These data, however, suggest that the
stimulatory effect of the o<(2 -> 6) compound was less than that of
<x(2 -> 3) NAN-lactose. This may not be the case as the trophozoites
used in the experiment depicted in table 3 were from trophozoites
cultured at a different time. These amebae exhibited lower initial
motility scores. On an equimolar basis, Nana and NANlactose cause the
same stimulation of motility. Mucin at equivalent Nana concentrations
of 0.2 mM and 0.8 mM enhanced motility to the same degree as did Nana
and NAN-lactose (Fig. 3). At a mucin concentration equivalent to 0.56
mM Nana, ameba motility was reduced to the saline control level. This
inhibitory effect of the high mucin concentration suggests a physical
hindrance of ameba movement that masked chemical stimulation of
motility.
The apparent lack of any difference in the motility stimulation
of Nana whether bound as in NAN-lactose and low mucin concentrations
or free, may have been due to the fact that free Nana was being made
available to the trophozoites by neuraminidase.
Fig. 4 illustrates the results of experiments in which intact
Entamoeba trophozoites were incubated in UBS (344 mosmol, pH 6.7) con
taining 2 mM c*(2 -> 3) NAN-lactose and the liberation of free Nana was
measured. The intact trophozoites demonstrated a substrate concentra
tion-dependent release of free Nana which increased with time. At the


















































































































































inhibition of enzyme activity. These experiments first suggested the
existence of a trophozoite neuraminidase specific for the oc(2 -> 3)
glycosidic linkage. However, when these experiments were repeated, it
was found that intact Entamoeba trophozoite neuraminidase was also
capable of hydrolyzing Nana from o<(2->6) NAN-lactose (Table 4) and
from intact mucin (Table 5). No statistically significant differences
(P>0.05) were detected between mean neuraminidase values when o<(2-> 3)
NAN-lactose, o<(2 -> 6), NAN-lactose and mucin were used as substrates.
When 106 trophozoites/ml were incubated in UBS (344 mosmol pH 6.7)
alone for 30 min, no detectable Nana was released into the medium.
This indicated that the free Nana detected in the neuaminidase assays
were of substrate origin and not of trophozoite origin.
Entamoeba trophozoites were incubated for 30 min in UBS
(344 mosmol pH 6.7) and the spent medium was assayed for neuraminidase
activity. No neuraminidase activity was detected in such medium
suggesting that the measured neuraminidase activity remained associated
with the ameba surface.
Amebae, 106trophozoites/ml, were homogenized by sonication and
assays were performed to determine the optimum pH and Ca++ concentration
required for the neuraminidase activity (Tables 6 and 7). Assays were
performed in UBS, 344 mosmol. The results demonstrated an optimum pH
and calcium concentration of 6.7 and 2.0 mM respectively. The sonicates
were centrifuged at 48,000 xg for 30 min. The pellets and the super
natant solutions were tested for neuraminidase activity in 20 mM PS.
Table 4. Neuraminidase Activity of Intact Entamoeba histoiytica Trophozoites Using c*(2->3)
N-acetylneuramin-lactose and >*(2->6) N-acetylneuramin-lactose as Substrates
■=«2->3) N-acetylneuramin °*(2->6) N-acetylneuramin Significance of
rTactose (0.2 mM)c - lactose (0.2 mM)d Difference0
jjmol Nana released/106 trophozoites, umol Nana released/106 trophozoites,
0.051 + 0.001a 0.048 +_ 0.001a P>0.05
a) Mean + SEM where N=5
b) Significance of the difference between mean value was determined by an unpaired Student
t test
c) ot(2->3) NAN - lactose from bovine colostrium; 85% «(2->3); 15% ot(2->6)
d) <x(2-> 6) NAN - lactose from human milk; 85% <=<(2->6)
Table 5. Neuraminidase Activity of Intact Entamoeba histoiytica Trophozoites Using Bovine
Submaxiliary Mucin 2.85 mg Mucin/ml; Equivalent to 0.2 mM Nana as Substrate
Time jjmol Nana released/106 trophozoites13
5 min 0.015 _+ 0.000
15 min 0.022 +_ 0.000
30 min 0.050 +_ 0.001
45 min 0.065 +_ 0.004
60 min 0.081 _+ 0.001
a) Means + SEM where N=5
en
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Table 6. The Effect of pH on the Neuraminidase Activity of Whole Cell
Homogenates of Entamoeba histoiytica Trophozoites
2jj umol Nana released/106 trophozoitesa
6.3 0.03 + 0.01
6.5 0.05 +_ 0.02
6.7 0.07 +_ 0.00
6.9 0.04 +_ 0.00
7.1 0.03 +. 0.01
7.3 0.03 +. 0.00
a) Means +_ SEM where N=5
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Table 7. The Effect of Calcium on the Neuraminidase Activity of Whole
Cell Homogenates of Entamoeba histolytica Trophozoite








































The results again indicated an optimum pH and calcium concentration of
6.7 and 2.0 mM, respectively (Table 8 and 9). Most of the detected neu-
raminidase activity was found in the pellet fractions. As a result
of this study ameba trophozoites were homogenized and their membranes
fractionated by the method of Aley et al. (1980) into plasma membranes,
internal vesiculated membranes and non-vesiculated membranes (including
debris).
Fig. 5 illustrates results of experiments designed to determine
the optimum calcium concentration required for Entamoeba plasma
membrane fraction and intact trophozoite neuraminidase activity, and
intact trophozoite motility. These assays were performed in PS (344
mosmol, pH 6.7) containing «*(2 -> 3) NAN-lactose and varying concen
trations of calcium. The optimum calcium concentration for both intact
trophozoite motile behavior and neuraminidase activity was 5 mM and the
optimum calcium concentration for plasma membrane neuraminidase was 2
mM. This latter was consistent with that observed for trophozoite
sonicates and crude membrane fractions (Table 7 and 9). Removal of
medium and ameba-associated calcium by 0.2 mM EGTA almost completely
inhibited both neuraminidase activity and trophozoite motility
(Fig. 5).
Fig. 6 illustrates the pH dependence of the plasma membrane-
associated neuraminidase activity. This assay was performed with either
2.0 mM EGTA in calcium-free medium or 2.0 mM calcium in PS containing 0.2
mM <x(2 -> 3) NAN-lactose. The pH optimum for the neuraminidase activity
was 6.7, which is consistent with the pH optimum of ameba sonicates
Table 8. The Effect of pH on the Neuraminidase Activity of Membrane and Supernatant Solution
Fractions of Entamoeba histoiytica Trophozoite Homogenates.
Membrane fractions
jaH umol Nana released/10^ trophozoitesb
6.3 0.010 +_ 0.002
6.5 0.061 +_ 0.001
6.7 0.108 _+ 0.020
6.9 0.063 +. 0.001
7.1 0.059 _+ 0.010
7.3 0.037 +_ 0.004
Supernatant fractions
£|j jumol Nana released/10^ trophozoitesa
6.3 0.000 +_ 0.000
6.5 0.010 +_ 0.000
6.7 0.014 +_ 0.000
6.9 0.006 +_ 0.000
7.1 0.005 +_ 0.000
7.3 0.003 +_ 0.000
a) Means + SEM where N=5
Table 9. The Effect of Calcium on the Neuraminidase Activity of Membrane and Supernatant Solution
Fractions of Entamoeba histoiytica Trophozoite Homogenates
Calcium concentration (mM)
Membrane fractions























































































































































and crude membrane fractions (Table 6 and 8). Fig. 6 also illustrates
the temperature dependence of the plasma membrane neuraminidase
activity. These assays were performed in PS, pH 6.7 containing 0.2 mM
c*(2 ->3) NAN-lactose and 2 mM calcium. The optimum temperature for
this enzyme was found to be 37°C.
Table 10 represents the percent yield and specific activities of
Entamoeba trophozoite membrane-fraction neuraminidase. As indicated
earlier the membranes were fractionated by the method of Aley et al.
(1980) into plasma membranes, internal-vesiculated membranes and
internal non-vesiculated membranes (including debris). Neuraminidase
activity for each membrane fraction was assayed in PS, pH 6.7, con
taining 2.0 mM calcium and 0.2 <x(2 -> 3) NAN-lactose. The specific
activity of the plasma-membrane neuraminidase was above six times that
of the internal membranes and the percent yield data indicated that the
majority of the enzyme was found in the plasma membrane fraction. The
total measured membrane-fraction neuraminidase was approximately twice
that of the trophozoite homogenate from which the fractions were
obtained. The reason for this discrepancy is subsequently explained.
The presence of neuraminidase in both plasma membrane and internal
membrane fractions suggested the possibility that membrane enzyme
turnover might be associated with trophozoite motility. In order to
test this hypothesis, motility was inhibited with the microfilament
disruptor, cytochalasin D. Fig. 7 illustrates the effects of cyto-
chalasin D on Entamoeba motility and neuraminidase activity. The assay
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% Yieldb 54.80 _+1.50 34.50^0.80 8.90^0.80
Specific Activity0 3.52 +_ 0.15 0.58^0.05 0.67^0.08
a) Means _+ SEM where N = 5
b) % yield was calculated on the basis of total membrane
neuraminidase activity






































































































involved exposure of trophozoites to varying concentrations of cyto
chalasin 0 prior to testing for motility. Cytochalasin 0 resulted in
a concentration-dependent inhibition of ameba motility when compared
to results obtained from DMSO carrier treated amebae. At a concentra
tion of 30 ug/ml there was complete inhibition of Entamoeba motility.
Intact trophozoite neuraminidase activity was also assayed in amebae
treated with 30 ug/ml cytochalasin 0. The trophozoites were exposed
to cytochalasin D for 15 min prior to the beginning of the 30 min
enzyme assay which was conducted in PS, pH 6.7, containing 0.2 mM
o<s(2 -> 3) NAN-lactose and 2.0 mM calcium. When compared with cells
treated with DMSO carrier, the amebae treated with cytochalasin D
demonstrated a reduced liberation of Nana for 30 min followed by a
complete inhibition of enzyme activity.
Since 30 jjg/ml cytochalasin D inhibited intact trophozoite neura
minidase activity, a study was designed to determine whether the
inhibitory effect was due to the redistribution of the membrane-
associated enzyme within the cell. This study also included two other
known ameba membrane-associated enzymes, Ca++-ATPase and p-nitrophenyl
phosphatase. The trophozoites in these studies were treated with
either cytochalasin D or DMSO carrier for 45 min and were then fraction
ated into three membrane fractions (Table 11). When the specific acti
vities of the membrane-associated enzymes from cytochalasin D-treated
amebae were compared to those of DMSO carrier-treated amebae, the
specific activities of all three enzymes of cytochalasin D-treated
amebae were significantly reduced in the plasma membrane fractions
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Cytochalasin Da 0.032 +_ 0.001
Significance of






138.8^22.8 11.08 _+ 1.04





a) Means +_ SEM where N = 5
b) Statistical analyses were performed using unpaired Student t-tests.
c) Neuraminidase was measured for 30 min
d) Ca++-ATPase was measured for 10 min
e) p-nitrophenylphosphatase was measured for 2 min
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and significantly increased in the internal vesiculated membrane
fractions. In the non-vesiculated membrane, only the p-nitrophenyl
phosphatase specific activity was significantly reduced. As cyto-
chalasin D had no significant effect on the whole cell homogenate
specific activities of any of the three enzymes studies (Table 11),
these results suggest that this agent caused a redistribution of the
membrane-associated enzymes from the plasma membrane to the internal
vesiculated membranes.
Fractionation of Entamoeba membranes results in some membrane
vesiculation. Thus, in order to determine if vesiculation and mainte
nance of membrane integrity affected the neuraminidase activity,
the isolated trophozoite membrane fractions were exposed to 0.2% Triton
X-100 and 0.15% saponin (Table 12). Following such treatment the mem
brane fractions were tested for neuraminidase activity in PS, pH 6.7,
containing 0.2 mM <x(2 ->3) NAN-lactose and 2.0 mM calcium. Exposure
of membrane fractions to Triton X-100 resulted in significant increases
in the enzyme specific activities. These increases were in the range
of 7-20%. The saponin had no significant effect on neuraminidase
specific activity. The membrane fractions were also subjected to ultra
sonic disruption prior to assaying for neuraminidase activity (Table 12).
The results indicated that sonication caused a significant increase in
the neuraminidase specific activities of the fractions tested. The
range of such increases was 8-14%. These results suggest either mask
ing of the neuraminidase or reduction in substrate access, following
vesiculation of the isolated membranes.
Table 12. Effects of Triton X-100, Saponin and Sonication on the Neuraminidase Activities of Membrane
Fractions of Entamoeba histoiytica.









































(a) Means where N = 5
(b) Positive values indicate increased neuraminidase specific activity and negative values indicate
inhibition.
(c) Statistical analyses performed using Dunnett's test.
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The neuraminidase activity of ameba homogenates was approximately
one half that of the pooled isolated membrane fractions. As the
neuraminidase activity was assayed by measuring free Nana, one
explanation for such a result could be the presence of Nana-aldolase
in the soluble fraction of the ameba homogenate which will reduce the
measurable free Nana in the homogenate experiments. Table 13 represents
the demonstration of such Entamoeba Nana aldolase. This enzyme hydro-
lyzed Nana to N-acetylmannosamine and pyruvate. In these studies,
ameba homogenates were centrifuged at 150,000 xg for 30 min. The
pellets and the supernatant solutions were tested for Nana-aldolase
activity. Preliminary experiments indicated that the optimum pH of
this enzyme was 7.4. The enzyme activity was completely inhibited by
sodium borohydrate in the presence of pyruvate. There were no apparent
requirements for divalent cations for the enzyme activity, since
EDTA had no significant effect on such activity. When the aldolase
activity was inhibited with sodium borohydride in the presence of
pyruvate, neuraminidase activity was doubled in untreated cell
homogenates of ameba or those treated with either DMSO or cytochalasin
D (Table 14).
It was demonstrated that Entamoeba trophozoites could hydro!yze
NAN-lactose to Nana and lactose, and Nana to N-acetylmannosamine and
pyruvate. Studies were therefore designed to determine if the motility
effects of Nana and NAN-lactose could be a result of any of these
products of Entamoeba enzymatic hydrolysis. Table 15 summarizes
82
Table 13. Properties of Entamoeba histolytica N-acetylneuraminic Acid
Aldolase
Aidoiase specific activity8
Control13 Sodium borohydride (5mM)b EDTA (10mM)b
193.77 ^ 15.56 0.00 189.19 +_ 16.65
Significance of
Difference0 P<0.01 P>0.05
a) umol of N-acetylmannosamine/mg protein, 30 min
b) Mean +_ SEM where N=5
c) Statistical analyses were performed using Dunnett's test.
Table 14. Effect of Entamoeba Nana-Aldolase Inhibition with Sodium Borohydride in the Presence of
Pyruvate on the Neuraminidase Activities of Homogenate of Trophozoites that were Untreated
or Exposed to Either Cytochalasin 0 (30 ug/ml) or DMSO Carrier
Untreated Cytochalasin D Treated DMSO Carrier Treated
Aldolase Aldolase Aldolase Aldolase Aldolase Aldolase
Uninhibiteda Inhibiteda Uninhibited8 Inhibited8 Uninhibited8 Inhibited8
Neuraminidase Apparent
Specific Activity15 0.036 0.079 0.034 0.070 0.037 0.078
111---
0.001 0.001 0.002 0.001 0.001 0.001
a) Means +_ SEM where N=5
b) umol Nana/mg protein, 30 nvin
oo
CO
Table 15. Comparison of the Effects of 30 Min Inoculation in Pipes Buffered Saline, pH 6.7,
Containing Lactose, Pyruvate, N-acetylmannosamine and Pyruvate and N-acetylmannosamine





























(a) Means +_ SEM where N=30
(b) Statistical analyses determined using Dunnet's test.
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an experiment in which the motility effect of 0.08 mM lactose, pyruvate,
N-acetylmannosamine and pyruvate plus N-acetylmannosamine were compared
with the effect of 0.08 mM Nana. The trophozoite motility in each
tested solution was significantly less than that in an equivalent
concentration of Nana. The results of these studies indicate that the
motility effect of Nana could not be completely attributed to metabolic
products of either Nana or NAN-lactose.
Previous studies demonstrated that mucus retards ameba motility.
Entamoeba trophozoites must first penetrate the mucus blanket before
invading the intestinal mucosa. Such penetration could involve either
prior enzymatic degradation of the mucus or direct rupture of the
mucus gel by a penetrating pseudopod. Experiments were designed to
determine whether the pseudopodia kinetic force was sufficient to
penetrate rat intestinal mucus gels. Mucus gels harvested from rat
colon and cecum were used for this assay. Microsphere representing
amebae and pseudopodia of various sizes were suspended in the mucus
gel and subjected to gravitational or centrifugal force high enough to
force them through the mucus gel (Table 16). The downward force
generated by the microsphere beads during penetration of the mucus gel
was calculated. The results were compared with the kinetic force
that is known to be generated by Entamoeba pseudopodia, 3.3 X 10"6Newton
(Smith and Meerovitch, 1982). The results suggest that ameba could
physically penetrate the cecal mucus blanket of the rat but not the
colonic mucus blanket.
Table 16. Force required to Propel Microspheres through Mucus Gels Isolated from Rat






















19.2 x 10"5 - 27.4 x 10"5 Newton
9.3 x 10-5 - 12.3 x lO"5 Newton
6.3 x 10"5 - 8.9 x 10"5 Newton
1.9 x 10"5 - 2.7 x 10"5 Newton
< 3.1 x 10-8 Newton
< 2.7 x 10-8 Newton
< 1.3 x 10-8 Newton
< 2.0 x 10~9 Newton
00
en
a) Means where N=5
CHAPTER V
DISCUSSION
In intestinal amebiasis, trophozoites of the pathogenic protozoa,
Entamoeba histolytica, change from the commensal to the invasive form,
resulting in tissue invasion. The clinical signs produced by this
invasion are the occurrence of mucosal lesions, followed by the
evacuation of mucoid, blood-stained stools, sometimes associated with
copious diarrhea (Craig and Faust, 1977). Based on current knowledge
of the physiology of the gastrointestinal tract and of the means by
which trophozoites invade tissues, one can postulate a sequence of
events that will be necessary before Entamoeba trophozoites can invade
the mucosa of the large bowel. These events include movement with
in the lumen, followed by penetration of the mucus blanket, adhesion
to epithelial cells, penetration of the epithelium directly or following
release of exotoxins with eventual cytolsis and phagocytosis of target
cells (Ravdin, 1986).
Mucus penetration must be a major step during ameba trophozoite
invasion of the epithelial tissues as the mucus blanket serves as a
protective physical shield for the epithelium (Williams and Turnberg,
1982; Morris, 1985). Mucus binds and traps infective bacteria and
protozoa and in some cases, serves as the site of interaction between
immunoglobulins and parasites (Clamp,. 1977; Miller and Huntley, 1982).
The trapped parasites are eventually sloughed off with mucus fragments
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into the intestinal lumen. This protective role of mucus has also been
demonstrated with Entamoeba histolytica, where in in vivo rat colon
mucus was shown to trap Entamoeba trophozoites. Subsequently these
trapped amebae were returned to the lumen with sloughed-off mucus
fragments (Leitch et al., 1985).
In order for Entamoeba histolytica trophozoites to elicit their
cytopathic effects in the gastrointestinal tract, they have to first
penetrate the hosts first line of defense, the mucus blanket. One way
by which this could occur would be if the trophozoites were to first
enzymatically disrupt the mucus integrity. This could be followed by
actual ameba movement within the mucus blanket. Another mechanism
could be by direct physical penetration of the mucosal blanket if the
trophozoites developed sufficient physical force with their pseudopodia.
Ameba motility studies in an in vivo rat colon model suggested
that trophozoites first attach to luminal mucus (Leitch et al., 1985).
Upon attachment ameba motility was shown to be inhibited (Fig. lc).
The ameba trophozoites that were not attached to the mucus, but were
free in the luminal solution, demonstrated increased motility (Fig.lb).
The motile behaviour of these trophozoites suggested that the increased
movement seen in the luminal fluid could be due to stimula
tion by some solute(s) that was (were) released into the luminal fluid.
Motility studies were performed in the following assay solutions
TY1, TY1-S media and PS (344mosmol, pH 6.7). Ameba trophozoite motility
was low in TY1 and PS. Therefore, these assay solutions were used in
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experiments designed to detect stimulation of ameba motility. In TY1-S
medium Entamoeba motility was high. Thus, this assay solution was used
when measuring inhibition of ameba motility.
The gastrointestinal mucus contains a glycoprotein, mucin. Measur
ing ameba motility in varying concentration of mucin indicated that
this glycoprotein could either stimulate or retard Entamoeba motility
(Fig. 2). At low concentration an increase in motility was observed,
suggesting chemical stimulation of movement. High concentrations
retarded Entamoeba motility consistent with physical hindrance of ameba
movement even though mucin was still in a sol state at the concentra
tions used.
Typically, gastrointestinal mucin is made up of a protein core
with carbohydrate side chains (Laboisse, 1986). The carbohydrates are
GlaNAc, GlcNAc, Gal, L-fuc, Nana, Glc and Gale (Forstner et al., 1973;
Kornfield and Kornfield, 1976). These O-glycosidic-linked carbohy
drates can be hydrolyzed by bacterial glycosidases in the intestinal
lumen (Forstner, 1979) and release of such mucin-derived carbohydrates
into the lumen could be chemical stimulants of Entamoeba trophozoites
motility.
A variety of carbohydrates found in mucin oligosaccharides were
tested for their ability to modify Entamoeba histoiytica trophozoites
motility (Table 2). Three of the carbohydrates are terminal groups on
the mucin oligosaccharides; these are Nana, GalNAc and L-fuc (Kornfield
and Kornfield, 1976). N-acetylgalactosamine has recently been implicated
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in the pathogenesis of amebiasis. It has been demonstrated by Ravdin
et al. (1981) that GalNAc adhesin is responsible for contact dependent
cytosis of target cells. The pathogenic effect produced by this GalNAc
adhesin is inhibited by GalNAc and its polymers (Ravdin et al., 1981).
This GalNAc-inhibitable adhesin has been purified and eluted from ameba
extracts using affinity and gel filtration chromatographies and has
been found to have a molecular weight of 43,000-67,000 daltons and the
presence of these adhesins has been correlated to ameba virulence
(Ravdin et al., 1985).
N-acetylneuraminic acid and Nana-containing compounds, for example
fetuin and mucin, have also been demonstrated to influence the cyto-
pathic effects produced by Entamoeba cell free toxins. The cell-free
cytotoxins produced by ameba trophozoites causes rounding and detachment
of epithelial cells. This cytotoxin has a lectin-like activity that is
inhibited by the Nana-containing compound fetuin (Mattern et al., 1980).
The secretory diarrhea produced by ameba cell-free enterotoxins is also
inhibited by fetuin (Udezulu et al., 1982). This enterotoxin has been
partially purified and the secretory diarrhea produced by it has been
found to be inhibited by Nana and Nana-containing glycoproteins such as
fetuin and mucin (Feingold et al., 1985). It has been suggested that
the pathogenic effects produced by these cell-free cytotoxins-entero-
toxins involve a tissue Nana receptor site (Feingold et al., 1985).
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When ameba trophozoite motility studies were performed in TY1-S
or TY1 assay solutions containing these carbohydrates, the results indi
cated that the Nana significantly stimulated motility at low (0.2 mM)
and high (1.0 mM) concentrations both in TY1 and TY1-S media (Tables 1
and 2). L-Fucose significantly inhibited motility both at low (0.2 mM)
and high concentrations (1.0 mM) in TY1-S (Table 1); but in TY1, where
ameba motility is normally low, L-fuc had no significant effect
(Table 2). The GalNAc caused a slight but statistically significant
inhibition of motility in TY1-S, but only at the higher concentrations
used (1 mM and 5 mM). In TY1, GalNAc had no statistically significant
effect on ameba motility.
Mucin digestion by enteric bacterial glycosidases would be expected
to free other carbohydrates that are located within the glycoprotein,
thus making them easily accessible to ameba trophozoites. Such carbo
hydrates would include Glc, GlcNAc, Gal and Gale. We, therefore, tested
these carbohydrates, and two others that have been implicated in
Entamoeba pathogenesis, for their effects on trophozoite motility. The
test solutions used were TY1 and TY1-S media as before.
In general, the carbohydrates tested caused a weak but statisti
cally significant stimulation of ameba motility at concentrations of
1 mM, when tested in TY1 medium, while in TY1-S only Gal and Gale caused
a statistically significant inhibition of motility at a concentration of
1 mM. The exceptions to these results were ©cmMan, Dacb and Tact. In
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TY1-S test solutions, <a<mMan caused a slight but statistically signi
ficant inhibition of motility. However, Dacb and Tact caused a
significant inhibition of ameba motility both in TY1 and TY1-S. The
=<mMan was slightly stimulatory in TY1, but only at the high concen
tration of 1 mM. This carbohydrate was tested because it has been
shown to inhibit Con A agglutination of ameba trophozoites (Martinez-
Pal oma et al., 1973; Pinto De Silva and Martinez-Palomo, 1974) and the
ability of Entamoeba trophozoites to agglutinate has been directly
correlated to ameba virulence (Bos and Van de Griend, 1977). Entamoeba
has also been shown to have a cell-free toxin with a lectin-like
activity that agglutinates mammalian cells (Mattern et al., 1980), and
this lectinlike activity was inhibited by cxmMan. Association of
Entamoeba trophozoites with gram-negative bacteria has been shown to
enhance ameba virulence (Wittner and Rosenbaum, 1970; Mirelman et al.,
1983; Bracha and Mirelman, 1984; Mirelman and 8racha, 1984; Mirelman
and Bracha 1986). This association of gram-negative bacteria to ameba
was through a mannose binding site and was inhibited by <x mMan (Bracha
et al, 1982).
The DacB and Tact were tested because Tact (chitotiose) has been
shown to inhibit Entamoeba surface GlcNAc adhesin (Kobiler and Mirelman,
1980). Chitotriose and chitobiose are trimers and dimers of GlcNAc,
respectively. The GlcNAc adhesin is known to cause the attachment of
ameba trophozoites to human epithelial cells (Kobiler and Mirelman,
1981).
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Another carbohydrate tested which has been shown to affect
Entamoeba pathogenesis is Gal or its polymers. Entamoeba trophozoites
have been shown to possess Gal sensitive adhesin that causes ameba
attachment to Chinese hamster ovary cells, human erythrocytes and
human neutrophils (Griffin and Juniper, 1971; Ravdin and Guerrant,
1981; Orozco et al., 1987). This adhesin results in the cytolysis and
eventual phagocytosis of these cells (Griffin and Juniper, 1971; Ravdin
and Guerrant, 1981).
The overall significance of these studies suggests that the mucin
carbohydrates may be directly involved in the control of Entamoeba
histoiytica motiiity in the gastrointestinal tract. The location and
the difference in ameba motility caused by the three terminal carbohy
drates stems from the fact that these carbohydrates would be the first
accessible to the surface of trophozoites entering the mucus gel and
that there is a reciprocal relationship between mucin Nana (a motility
stimulant) and L-fuc (a motility inhibitor) (Beyer et al., 1979).
As Nana was found to be the most potent carbohydrate stimulant
of Entamoeba motility, experiments were undertaken to determine if
such stimulation required the Nana to be free in solution. To accom
plish this purpose, the motility stimulating effect of Nana was
compared with the effects of equimolar concentration (from a Nana stand
point) of NAN-lactose [ o<(2 ->3) and c<(2->6) ] and salivary mucin
(Fig. 3 and Table 3). The similar degree of stimulation observed with
equimolar Nana, NAN-lactose and salivary mucin (0.08 mM) suggested
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that total Nana, either free or bound determined the ameba motile
response. At a high mucin concentration, equivalent to 0.56 mM Nana,
ameba motility was inhibited (Fig. 3), presumably due to physical
hindrance of ameba movement.
If Entamoeba trophozoites possess a surface neuraminidase,
enzymatic hydrolysis of the NAN-lactose and the mucin may have made
free Nana available to the amebae, negating this argument. Neuramini
dase is an enzyme that hydrolyzes o<ketosidic linkages between Nana
and a carbohydrate (Yu and Ledeen, 1969; Muller, 1974). When intact
Entamoeba trophozoites were suspended in a NAN-lactose containing
solution, free Nana was released into the assay medium, suggesting the
presence of an ameba neuraminidase (Fig. 4a). The free Nana found
in the medium did not originate from the Entamoeba histolytica tropho
zoites, nor was it the result of non-enzymatic degredation of substrate,
since incubation of ameba trophozoites alone in assay solution did not
produce free Nana, nor was NAN-lactose hydrolyzed in the absence of
trophozoites. The observed neuraminidase was a stable, membrane associ
ated enzyme, not a secreted enzyme, as 30 min incubation of 10^
trophozoites alone in a 344 mosmol NaCl solution failed to release
neuraminidase activity into the spent medium. The Entamoeba neura
minidase activity was equally effective with equimolar concentrations
of c<(2 -> 3) NAN-lactose, <x(2 -> 6) NAN-lactose and salivary mucin as
substrates (Tables 4 and 5). At a concentration of 0.8 mM there was a
reduction of the enzyme activity, suggesting substrate inhibition of the
neuraminidase activity.
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In the 2.5 ml assay solution the amount of the free Nana released
from 0.08 mM Nana-lactose was 0.054 umol Nana (Fig. 4). This is equiva
lent to 0.022 rnmol free Nana/liter. In Fig. 3, 0.02mM free Nana caused
only a slight stimulation of ameba motility. As the trophozoite concen
tration in the motility studies was only 1/10 that of the neuraminidase
studies the amount of Nana released by the ameba neuraminidase could
not have accounted for the observed motility results. Thus Nana stimu
lates Entamoeba motility whether it is either bound or free.
Entamoeba histoiytica trophozoites were homogenized by sonication
and these sonicates exhibited neuraminidase activity with an optimum
pH of 6.7 and an optimum Ca++ concentration of 2.0 mM (Tables 6 and 7).
Centrifugation of the Entamoeba histoiytica sonicates at 48,000 xg
for 30 min. resulted in 89% of the neuraminidase activity being recovered
in the sedimented pellet. The neuraminidase activities of both the
sedimented pellet and supernatant solution demonstrated an optimum pH
of 6.7 and an optimum calcium concentration of 2.0 mM (Tables 8 and 9).
These data suggested that the neuraminidase was a membrane-associated
enzyme. To determine the membrane distribution of the enzyme the
Entamoeba membranes were fractionated by the method of Aley et al.
(1980) into plasma membranes, internal vesiculated membranes and
internal non-vesiculated membranes.
Both the intact Entamoeba neuraminidase activity and the plasma
membrane specific activity exhibited a requirement for calcium
(Fig. 5) and the trophozoites also exhibited a calcium requirement
for motility (Fig. 5). The absolute requirement for calcium by
96
ameba neuraminidase activity and motile behavior was confirmed by the
inhibition caused to each by 0.2 mM EGTA. Chelation of calcium with
0.2 mM EGTA completely inhibited ameba plasma membrane neuraminidase
activity and reduced motile behavior to 10% of the value seen with
the optimum calcium concentration. The optimum calcium concentration
for plasma membrane neuraminidase was 2 mM while that for intact
trophozoites was 5 mM, the same optimum concentration seen for
trophozoite motility. The 5 mM optimum calcium concentration observed
for whole trophozoites suggests a linkage between ameba motility and
neuraminidase activity. The optimum calcium concentration seen for
the neuraminidase activity and ameba motility is consistent with that
seen in normal human extracellular fluid but slightly lower than that
found in the large intestinal lumen (Wrong et al., 1965). The require
ment for calcium in Entamoeba motility is consistent with that of
other cell types that demonstrated ameboid movement (Hellewell and
Taylor, 1979).
The plasma membrane-fraction neuraminidase also demonstrated a
pH optimum of 6.7 for the neuraminidase activity (Fig. 6). This was
the same as that observed with whole cell sonicates and the homogenate
pellets (Tables 6 and 8). The optimum pH for ameba neuraminidase
activity is within the range seen in the large intestinal lumen (Wrong
et al., 1965) and that of TY1-S growth medium (Diamond, 1968). The
optimum temperature for the neuraminidase activity was that of
mammalian body temperature, 37°C (Fig. 6).
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Preliminary experiments suggested that Entamoeba neuraminidase
was a membrane-associated enzyme (Tables 8 and 9). Fractionation of
Entamoeba histolytica trophozoite membrane by the method of Aley et al.
(1980) yielded two major membrane fractions, the plasma membranes and
an internal vesiculated membranes, and one minor fraction, the non-
vesiculated membranes, which included debris. Greater than 50% of
the neuraminidase activity was found in the plasma membrane fraction
(Table 10). As the plasma membrane protein was less than the internal
vesiculated membrane protein, the specific activity of the plasma
membrane neuraminidase was six times that of the internal vesiculated
membrane fraction. The representation of neuraminidase in both surface
and internal membranes, coupled with the same optimum calcium concen
tration for intact trophozoite motility and neuraminidase activity
suggested that as membrane was turned over during ameboid movement
(Spilberg and Mehta, 1981; Flickinger, 1982; Steinman et al., 1983),
a turn over of neuraminidase took place between internal and surface
membranes.
Both trophozoite membrane-associated neuraminidase (Fig. 7) and
ameba motility can be inhibited by the microfilament disruptor, cyto-
chalasin D (Ravdin and Guerrant, 1981). Cytochalasin D caused a dose-
dependent inhibition of Entamoeba trophozoite motility (Fig. 7). When
a dose (30 yg/ml) of this agent was employed that caused complete
inhibition of motility, the intact trophozoite neuraminidase activity
was also inhibited (Fig. 7). This enzyme inhibition was complete
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after 30 min. If the cytochalasin D did not directly affect the
neuraminidase activity, this observation suggests that the plasma
membrane had essentially been deplited of neuraminidase while no
replacement occurred from an intracellular enzyme pool. This could
have been due to cytochalasin D inhibiting exocytosis more than
endocytosis (Flickinger, 1982; Baker-Grunwald et al., 1985).
To test whether or not the plasma membrane neuraminidase had
been internalized while not being replenished, Entamoeba trophozoites
were treated with 30 ug/ml cytochalasin D or DMSO carrier, then
homogenized and fractionated to produce the three membrane fractions of
Aley and co-workers (1980). The neuraminidase specific activities of
the homogenates and the three membrane fractions were measured, as were
the specific activities of two other known membrane-associated enzymes,
Ca++ ATPase and p-nitrophenyl-phosphatase. When cells were treated with
either 30 ug/ml cytochalasin D or DMSO carrier and homogenized, no
statistically significant difference was observed in the specific
activities of any of the enzymes. This indicates that the cytochalasin
D per se had no effect on the total cell activities of the three enzymes
studied.
In cells treated with DMSO, there were variations in the distribu
tion ratios of the three enzymes between the internal vesiculated
membrane fractions and the plasma membrane fractions. For neuramini
dase, this ratio was approximately 1 to 33; for Ca++-ATPase it was 1 to
4 and for p-nitrophenyl-phosphatase it was 1 to 13. When the enzyme
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activities of cytochalasin D-treated cells were compared with those
of DMSO carrier-treated cells, the results indicated that for each of
the enzyme studied there was an increase in the internal vesiculated
membrane specific activities at the expense of the plasma membrane,
specific activities. Quantitatively, the results observed in cyto-
chalasin D-treated cell fractions demonstrated that cytochalasin 0
caused redistribution of the plasma membrane neuraminidase, Ca++-ATPase
and acid phosphatase to the internal vesiculated membranes despite
the fact that the three enzymes were distributed differently through
out the cell in DMSO carrier control medium. The DMSO was not with
out effect however. No DMSO effect was observed on plasma membrane
neuraminidase specific activity (Tables 10 and 11): but there was a
decrease in the neuraminidase specific activity of internal vesiculated
membranes following DMSO when compared to untreated trophozoites (Tables
10 and 11). Normally continuous fusion and recycling of vesicles takes
place within cells (Heuser and Reese, 1973; Edelson and Cohn, 1974).
Dimethyl sulfoxide has been shown to increase synaptic vesicle fusion
(Geron and Meiri, 1985). Thus, it is possible that the DMSO effect
observed in this study was the result of this solvent altering the
vesiculation of internal membranes, thereby altering the neuramini
dase specific activity of the vesiculated membrane fraction.
The fractionation of the ameba homogenate resulted in membrane
fractions that were vesiculated or may have spontaneously vesiculated.
In measuring the neuraminidase activity of these membrane fractions,
100
one needs to know if membrane vesiculation was limiting the access of
the substrate to the enzyme and if complete membrane integrity was
required for the neuraminidase activity to occur. The membrane frac
tions were, therefore, exposed to a non-ionic detergent, Triton X-100
or to ultrasonic disruption (Table 12). The Triton X-100 affects the
lipid bilayer by increasing membrane fluidity, which results in lysis
of the vesicles. Sonication causes mechanical disruption of the
vesicles. The treatment of Entamoeba membrane fractions with Triton
X-100 resulted in increases in the enzyme specific activity of 7-20%,
while sonication caused increases of 8-14%; thus, suggesting some
masking of the full enzyme activity by membrane vesiculation. Entamoeba
histolytica trophozoites contain high concentrations of membrane
cholesterol (Serrno et al., 1977). When the membrane fractions were
treated with saponin, an agent known to remove membrane cholesterol, no
statistically significant difference was observed in the membrane
fraction neuraminidase activities (Table 12). These results are similar
to those observed with another membrane-associated enzyme, Ca++-ATPase
(McLaughlin and Muller, 1981).
The presence of neuraminidase in most organisms is usually accompa
nied by an Nana-aldolase (Muller, 1974). This is an enzyme that
hydrolyzes Nana into N-acetyl-D-mannosamine and pyruvate (Comb and
Roseman, 1962). There are two major types of aldolases; type I and II.
The type I aldolase catalyzes the reaction by the formation of a Schiff's
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base between the ketone group of the substrate and an ami no group of a
lysine on the enzyme (Barnett et ai., 1971). The type II enzyme
catalyzes the reaction by the use of divalent cation cofactors and it
is therefore inhibited by EDTA (Barnett et al., 1971). Inactivation of
the type I aldolase occurs following incubation of the enzyme with
sodium borohydride in the presence of pyruvate (Barnett et al., 1971).
Entamoeba histoiytica was found to contain a type I aldolase (Table
13). The Entamoeba aldolase was a soluble cytoplasmic enzyme, with a
pH optimum of 7.4. The enzyme activity was completely inhibited by
sodium borohydride in the presence of a ketonic substrate, pyruvate,
but not EDTA.
The fact that Entamoeba histolytica possesses an Nana aldolase
raises the possibility that the Nana stimulation of motility seen
with this protozoan was attributable to the metabolic products of
Nana (pyruvate and N-acetylmannosamine) rather than Nana itself.
However, this was apparently not the case since Nana was an effective
stimulant of ameba motility whether either bound or free (Fig. 3 and
Table 3). In addition when ameba trophozoite motility was measured in
pyruvate, N-acetylmannosamine and pyruvate plus N-acetylmannosamine,
the stimulation of motility was significantly less than that seen with
equimolar Nana alone (Table 14). Similarly lactose, a metabolic
product of the hydrolysis of Nana-lactose, was not a major factor in
the motility stimulation observed with NAN-lactose (Table 14).
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The presence of the Nana-aldolase, with its pH optimum of 7.4,
may in part account for the fact that this study is the first to
report a neuraminidase in Entamoeba histoiytica, particularly when the
method used to measure the neuraminidase involved the assay of
liberated free Nana which would be metabolized by the aldolase.
In our studies, we found that the measured Entamoeba total membrane
fraction neuraminidase was twice that of the homogenate from which the
membranes were obtained. However, when the Nana-aldolase was inhibited
the total membrane neuraminidase equalled that of the homogenate,
indicating that this discrepancy was due to Nana-aldolase in the homo
genate.
N-acetylneuraminic acid has been implicated in determining the
surface charge characteristics of many organisms (Chatterjee and Ray,
1975). This is due to the carboxyl group of neuraminic acid which
is responsible for cell surface anionic sites (Chatterjee and Ray,
1975). These sites could serve as binding sites for cationic solutes.
Such anionic sites have been demonstrated in Ameba proteus, where
treatment of the protozoan with Vibrio cholerae neuraminidase inhibited
ameba cation-induced phagocytosis; thus, indicating involvement of
surface Nana as membrane receptor anionic sites (Chatterjee and Ray,
1975). However, Nana has not been demonstrated in Entamoeba histoiytica.
Mild acid hydrolysis of ameba homogenates and membrane fractions failed
to demonstrate any Nana in this eukaryote.
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Neuramim'dase is widely distributed in bacteria and protozoa
(Muller, 1974). Attempts have been made to correlate an organism's
virulence to its neuraminidase activity. In Vibrio cholerae, an enteric
bacteria that elaborates a well-defined enterotoxin, the degree of
secretory diarrhea has been correlated with its neuraminidase activity
(Finkelstein and Lospalluto, 1969; Kabir et al., 1984). The cellular
receptor site for the enterotoxin is a monosialoganglioside, Gm]
(Holmgren, 1973). The Vibrio enterotoxin does not recognize and bind
to Gm2 gangliosides on the cell surfaces. However, the Vibrio neura
minidase could hydrolyze Nana from the Gm2 gangliosides, thus making
more Gmi receptors available to the enterotoxin (Finkelstein and
Lospalluto, 1969; Van Heyningen et al., 1971; Kabir et al., 1984).
One protozoa that has been shown to possess a neuraminidase is
Trypanosoma cruzi. The neuraminidase activity is seen in one of the
stages in the life cycle, the trypomastigote stage (Pereira, 1983a).
Like Entamoeba neuraminidase, Trypanosama cruzi neuraminidase requires
calcium (2.0 mM) and has an optimum pH of 6.5 (Pereira, 1983b). No
role has yet been determined for the Trypanosoma cruzi neuraminidase in
the pathogenesis of Chagas disease.
Entamoeba histolytica trophozoites appear to lack Nana but possess
neuraminidase for the hydrolysis of Nana from some environmental sub
strate and Nana-aldolase for subsequent metabolism of the Nana.
However, Nana may be a component of Entamoeba cyst glycoproteins (Avron
et al., 1986), and the neuraminidase and Nana-aldolase may yet be shown
to play a role in excystation.
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In the intestine during ameba colonization the neuraminidase could
be among the glycosides required for degradation and release of the mucus
components into the intestinal lumen of the host. These luminal mucin
carbohydrates could serve as sources of nutrients for the trophozoites
and modulate ameba motility. The intestinal mucus serves as a protective
barrier against invasive enteropathogens (Morris, 1985). The removal
of Nana is essential for its degradation (Wold et al., 1975; Litt et al.,
1977; Forstner, 1979). Thus, the neuraminidase may enhance the
destruction of epithelial cell surface protective glycoproteins which
will in turn enhance tissue invasion by the ameba trophozoites.
It is also possible that ameba trophozoites can physically pene
trate intestinal mucus gel without requiring prior enzymatic digestion
of the gel. To test this possibility microspheres in the size range
of ameba trophozoites and pseudopodia were sedimented through rat
colonic and cecal mucus gels. The forces required for the microspheres
to penetrate the mucus gels were calculated (Table 16) and this was
compared to the pseudopod kinetic force that can be generated by motile
ameba, 3.3 X 10"6Newton (Smith and Meerovitch, 1982). The result showed
that Entamoeba trophozoites could generate enough physical force to pene
trate the rat cecal mucus blanket without involving prior enzymatic
degradation. However, this was not the case for rat colonic mucus,
which was able to resist physical forces of the magnitude generated by
Entamoeba pseudopodia. Thus penetration of mucus with physical
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properties like those of rat colonic mucus could require prior enzymatic
degradation of the gel components before trophozoite movement could
occur.
The mucus blanket acts not only as a physical protective shield
for the gastrointestinal mucosa but also helps to bind, trap and
perhaps nourish enteric parasites. In Entamoeba histoiytica invasion,
the mucus blanket has been shown to be the host's first line of defense
(Leitch et al., 1985). The neuraminidase described in this study may
be one of several ameba associated enzymes involved in the destruction




The present study was designed to determine how Entamoeba
histoiytica trophozoites could penetrate the large intestinal mucus
blanket and change from commensal to invasive parasites. One possible
mechanism is that they enzymatically disrupt the mucus blanket and then
move through the degraded mucus gel. Another is that they physically
force their way through the mucus barrier.
1) When in vivo rat colon loops were inoculated with Entamoeba
trophozoites in an assay solution in which ameba motility was
normally low (TYI), the trophozoites free in the luminal solution
demonstrated a significant increase in motility. This suggested
the presence of solutes in the intestinal lumen that acted as
stimulants of ameba motility. The trophozoites that became
attached to mucus fragments exhibited low motility, suggesting
physical hindrance of ameba movement by the mucus gel. In a
solution in which ameba motility was normally high (TYI-S), the
trophozoites free in luminal fluid showed no change in motility
but those attached to mucus fragment exhibited a significant
decrease in motility.
2) When Entamoeba trophozoites were incubated in TYI medium and PS
exposure to low concentrations of bovine salivary mucin caused
a significant increase in ameba motility. In TYI media, TYI-S
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media and PS a significant retardation of motility was observed
with high mucin concentrations, suggesting physical hinderance of
ameba movement by a viscous sol.
3) The three major mucin oligosaccharide end group carbohydrates were
tested for their effects on Entamoeba motility. L-fucose was
inhibitory and Nana was stimulatory at concentrations of 0.2mM,
while GalNAc was slightly inhibitory but only at high concentra
tions (XL .0 mM). All the other carbohydrates tested caused modest
stimulation or inhibition of ameba motility, but only at a concen
tration of 1 mM.
4) The Nana-containing compounds, NAN-lactose (c*2->3 or«2->6) and
bovin submaxillary mucin, caused an increase in ameba motility.
5) The Entamoeba trophozoites were found to possess a membrane
associated neuraminidase that was calcium-dependent and had a pH
optimum of 6.7. This enzyme appeared to be on the surface of the
trophozoites and resulted in the release of free Nana into the
media when intact amebae were incubated with appropriate substrate.
The free Nana so produced was insufficient to require that the
motility stimulation by NAN-lactose and mucin may first require
the bound Nana to be hydrolyzed. Thus Nana could stimulate
trophozoite motility whether bound or free.
6) Entamoeba trophozoite motility and neuraminidase activity demon
strated an absolute requirement for calcium. The optimum calcium
concentrations of both trophozoite motility and neuraminidase
activity were within the range found in extracellular fluid and
large bowel luminal fluid (2-5 mM).
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7) In excess of 50% of the trophozite neuraminidase activity was
recovered in the plasma membrane fraction and most of the remaining
enzyme activity was recovered in the internal vesiculated membrane
fraction.
8) A movement associated turnover of the Entamoeba neuraminidase
between the plasma membrane and internal vesiculated membrane was
suggested by the fact that the microfilament disruptor, cyto-
chalasin D, inhibited both trophozoite motility and intact tropho-
zoite surface neuraminidase activity. The cytochalasin D inhibi
tion of intact ameba neuraminidase was explained at least in part,
by the fact that this agent caused a redistribution of the neura
minidase from the cell surface into the internal vesiculated mem
branes. A similar cytochalsin D effect was observed for two
other membrane associated enzymes, Ca++-ATPase and p-nitrophenyl
phosphatase (acid phosphatase).
9) Exposure of membrane fractions to Triton X-100 or ultrasonic
disruption resulted in 7-20% and 8-14% increase in the enzyme
specific activity respectively. Saponin had no effect on the
enzyme activity. These results suggested that vesiculation of
membranes caused a minor interference in the access of
substrate to enzyme or the liberation of free product.
10) Entamoeba trophozoites were found to possess a soluble type I Nana-
aldolase activity with a pH optimum of 7.4. This cytoplasmic
enzyme was inhibited by sodium borohydride in the presence of
pyruvate.
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11) The product of Entamoeba aldolase hydrolysis of Nana, pyruvate and
N-acetylmannosamine, together or separately could not account for
the Nana stimulation of Entamoeba motiiity. Thus, the motility
stimulation effects seen were due to Nana and not products of
Nana hydrolysis.
12) The possibility that ameba trophozoites directly penetrate the
mucus blanket without prior enzymatic degradation was tested
using isolated rat colon and cecal mucus gels. Microspheres
5-20um in diameter were sedimented through the mucus gels under
gravitational force. The force generated by the microspheres as
they penetrated this mucus gel was calculated and compared to
known pseudopod kinetic force, 3.3 X10"6Newton. The results
suggested that trophozoites could physically penetrate rat cecal
mucus but not rat colonic mucus.
Entamoeba histolytica trophozoite could penetrate the mucus
protective blanket either through enzymatic digestion of the gel
or by physical penetration of the mucus. The presence of a surface
neuraminidase in Entamoeba trophozoites suggests the latter
mechanism is possible as removal of Nana from mucin oligosaccharides
increases the rate of mucus degradation by other enzymes. Mucin
Nana so produced may stimulate Entamoeba motility, and the tropho
zoite Nana-aldolase could make pyruvate and N-acetylmannosamine
available to the trophozoite as energy source. The difference in
the physical characteristics of the mucus blanket in some parts of
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the gastrointestinal tract may allow this enteropathogen to
physically force its way through mucus without first involving the
neuraminidase activity. Thus Entamoeba histolytica trophozoites
may use both enzymatic and physical penetration of the mucus
blanket when changing from commensal to invasive enteric pathogens
in the host intestine.
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